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ABSTRACT 
Metamaterials consist of subwavelength unit cells periodically patterned to exhibit 
extraordinary electromagnetic properties that do not exist in naturally occurring materials. 
The far-infrared, or terahertz frequency region of the electromagnetic spectrum is ripe with 
potential with metamaterials providing a promising technological route towards 
developing application. Metamaterial “perfect absorbers”, typically configured with three 
layers as metamaterials-dielectric-ground, have attracted tremendous interest due to near 
unity absorption of incident electromagnetic radiation over a designed frequency range, 
with the device having subwavelength thickness. Several theories have been developed to 
understand the physics of perfect absorption. However, it is important to develop 
alternative numerical and analytical strategies that transparently connect with the 
electromagnetic and dielectric properties of the constituent materials to better understand 
how experimentally accessible parameters ultimately determine the absorption.  
 First, this dissertation introduces a metamaterial absorber with air as spacer layer 
instead of dielectric materials. In the absence of dielectric material loss, the design can 
achieve three times higher quality factor compared to traditional designs. Additionally, the 
		 viii 
absence of the spacer material yields the possibility to access the space between the 
metamaterial layer and the ground plane inspiring a microfluidic channel integrated sensing 
device with sensitivity more than three times of the reported results. Second, this 
dissertation investigates the dependence of the metamaterial absorption maxima on the 
spacer layer thickness and the reflection coefficient of the metamaterial layer obtained in 
the absence of the ground plane layer. We observed that the absorption peaks redshift as 
the spacer thickness is increased, in excellent agreement with the analysis. Third, this 
dissertation presents a detailed analysis of the conditions that result in unity absorption in 
metamaterial absorbers. These simple expressions reveal a redshift of the unity absorption 
frequency with increasing loss that, in turn, necessitates an increase in the thickness of the 
dielectric spacer. Our findings can be widely applied to guide the design and optimization 
of the metamaterial absorbers and sensors. 
  
		 ix 
TABLE OF CONTENTS 
 
DEDICATION ............................................................................................................... iv	
ACKNOWLEDGMENTS ............................................................................................... v	
ABSTRACT .................................................................................................................. vii	
TABLE OF CONTENTS ............................................................................................... ix	
LIST OF TABLES ........................................................................................................ xii	
LIST OF FIGURES ......................................................................................................xiii	
LIST OF ABBREVIATIONS ........................................................................................ xx	
CHAPTER 1 INTRODUCTION ..................................................................................... 1	
1.1	 Introduction to Terahertz .................................................................................. 1	
1.2	 Introduction to Metamaterials .......................................................................... 2	
1.3	 Introduction to Metamaterial Absorbers ........................................................... 4	
1.4	 Dissertation Outline ......................................................................................... 9	
CHAPTER 2 UNDERSTANDINGS OF METAMATERIAL ABSORBERS ................ 11	
2.1	 Effective Medium Theory .............................................................................. 11	
2.2	 Transmission Line Theory.............................................................................. 17	
2.3	 Coupled-Mode Theory ................................................................................... 24	
2.4	 Interference Theory ........................................................................................ 29	
2.5	 Discussion ..................................................................................................... 31	
		 x 
CHAPTER 3 AIR-SPACER METAMATERIAL ABSORBERS AND MICROFLUIDIC 
CHANNEL INTEGRATED SENSING DEVICES ........................................................ 33	
3.1	 Introduction ................................................................................................... 33	
3.2	 Design and Fabrication .................................................................................. 34	
3.3	 Experiment and Results.................................................................................. 37	
3.4	 Microfluidic Channel Integration ................................................................... 43	
3.5	 Discussion and Conclusion ............................................................................ 48	
CHAPTER 4 THICKNESS DEPENDENCE OF METAMATERIAL ABSORBERS .... 49	
4.1	 Introduction ................................................................................................... 49	
4.2	 Transmission and Reflection Parameters of Metamaterials ............................. 50	
4.3	 Thickness Dependence Derivation ................................................................. 51	
4.4	 Experiment and Results.................................................................................. 56	
4.5	 Discussion and Conclusion ............................................................................ 59	
CHAPTER 5 PERFECT ABSORPTION OF METAMATERIAL ABSORBERS .......... 65	
5.1	 Introduction ................................................................................................... 65	
5.2	 Phase Shift and Perfect Absorption ................................................................ 66	
5.3	 Transmission Line Model for Metamaterials .................................................. 71	
5.4	 Condition for Perfect Absorption ................................................................... 74	
5.5	 Experiment and Results.................................................................................. 78	
5.6	 Discussion and Conclusions ........................................................................... 83	
CHAPTER 6 CONCLUSIONS AND OUTLOOK......................................................... 85	
		 xi 
APPENDIX ................................................................................................................... 87	
A.	 Terahertz Time Domain Spectroscopy ............................................................... 87	
B.	 Derivation of the Relationship Between Absorption Peak Frequency and Spacer 
Thickness .................................................................................................................. 89	
C.	 Impedance Fitting for Metamaterial Layer ......................................................... 94	
D.	 Derivation of the Conditions for Perfect Absorption .......................................... 98	
BIBLIOGRAPHY ....................................................................................................... 102	
CURRICULUM VITAE.............................................................................................. 111		
  
		 xii 
LIST OF TABLES 
Table 3.1: The power consumption inside each part of MMA ....................................... 38	
Table C.1: Parameters substituted into Equation (C.1) for analytical fitting ................. 95			
  
		 xiii 
LIST OF FIGURES 
Figure 1.1: (a) Layer drawing of the configuration of a Salisbury screen. (b) A Jaumann 
absorber to achieve broadband absorption. (c) Schematic drawing and (d) photo image 
of a Salisbury screen. ............................................................................................... 6	
Figure 1.2: (a) Lossy material configured with pyramid geometry for electromagnetic 
wave absorption. (b) An anechoic chamber with wave absorption material. (c) 
Schematic drawing shows a loss gradient material. (d) Loss gradient material 
employed for electromagnetic compatibility. ........................................................... 7	
Figure 2.1: Illustration of the electric field components for equivalent parameters retrieval. 
The MM slab is cladded between air. ..................................................................... 14	
Figure 2.2: Effective parameter retrieval for a MMA (X. Liu, 2010) (a) Schematic and 
SEM image of the unit cell. The dimensions are a = 2, l = 1.7, w = 0.4, and t = 0.185 
µm. (b) The simulated reflection, transmission, and absorption spectra. The simulated 
absorption spectrum was also compared with the experiment result. (c) The effective 
permittivity and permeability retrieved from the simulation results in (b). Copyright 
2010, American Physical Society. .......................................................................... 16	
Figure 2.3: The lumped element circuit model of transmission line............................... 17	
Figure 2.4: A transmission line with characteristic impedance of Z0 loaded with an 
impedance of ZL. The input impedance at a distance of l away from load is Zin. ..... 19	
Figure 2.5: Transmission line model of a bulk slab ....................................................... 22	
Figure 2.6: (a) Schematic of a MMA with three-layer configuration. (b) Equivalent 
transmission line model of MMA. CMM, LMM, and RMM are the equivalent capacitance, 
		 xiv 
inductance, and resistance of the MM layer. Zair and Zm are the characteristic 
impedance of free space and dielectric material. (c) Further simplified transmission 
line model. ZMM is the overall impedance of the MM layer and Zin is the input 
impedance formed by the dielectric layer and the ground plan. .............................. 23	
Figure 2.7: A basic LC resonant circuit ......................................................................... 26	
Figure 2.8: Transmission line model labeled with parameters employed in Equation 
(2.41) to (2.43). The left side is loaded with impedance matched to the characteristic 
impedance of the transmission line. The right side is loaded with a resonator expressed 
with RLC lump circuit model. vs denotes the power source. s+ and s- denote the 
incident and reflected power to/from the resonator. ................................................ 27	
Figure 2.9: (a) Schematic of the MMA configuration. (b) Single-port resonator model in 
coupled mode theory. (c) The amplitude of the absorption and (d) the phase span of 
the reflection coefficient in terms of Qa and Qr. Copyright 2015, American Physical 
Society................................................................................................................... 29	
Figure 2.10: Multiple reflections inside the MMA. ....................................................... 30	
Figure 3.1: Schematic drawing of assembling of air-spacer MMAs .............................. 34	
Figure 3.2: The fabrication process of air-spacer MMAs. ............................................. 35	
Figure 3.3: (a) Fabricated air-spacer MMAs. (b) Microscopy image of SRR unit cells. . 36	
Figure 3.4: Absorption spectra with incident THz pulses polarized (a) parallel and (b) 
perpendicular to the gap of SRRs. The x-y plane is in plane with the MM layer with x 
parallel and y perpendicular to the gap, and z direction perpendicular to the MM layer.
 .............................................................................................................................. 37	
		 xv 
Figure 3.5: Current distribution inside the SRRs for (a) LC absorption mode and (b) dipole 
absorption mode with red arrows indicating the directions of current flow. ............ 39	
Figure 3.6: The electric field distribution at the cross section labeled as the dashed lines in 
the insets for (a) LC and (b) dipole absorption mode. The electric field strength at the 
cross section at the midpoint of spacer in parallel to the ground plane for (c) LC and 
(d) dipole absorption mode. ................................................................................... 41	
Figure 3.7: The simulated absorption spectra with different spacer permittivity. (a) 
Changing the imaginary part of the permittivity with constant real part. (b) Varying 
the real part with imaginary part as zero. ................................................................ 43	
Figure 3.8: The fabrication process of the microfluidic channel integrated sensing device.
 .............................................................................................................................. 44	
Figure 3.9: (a) Cured PDMS in the mold. (b) Fabricated free-standing MM layer. (c) The 
microscope image of the fabricated MM unit cells. The periodicity of the unit cell is 
60 µm. The side length, line width, and gap of the SRRs are 50 µm, 5 µm, and 8 µm. 
(d) Photo image of a bonded microfluidic channel device. ..................................... 46	
Figure 3.10: (a) Tested and (b) simulated absorption spectra of the microfluidic channel 
MMA with air and methanol as the in-channel media. The stars indicate the absorption 
peaks. .................................................................................................................... 47	
Figure 4.1: The simulated transmission and reflection spectra of MM layer alone. (a) 
Amplitude spectra and (b) phase spectra. The geometry of the SRR unit cell is labeled 
as the inset and the periodicity is 90 µm. ................................................................ 50	
		 xvi 
Figure 4.2: The color plot of absorption spectra as a function of spacer thicknesses 
calculated with interference theory. The two vertical dashed lines highlight the bare 
LC and dipole resonant frequencies, and the vertical dashed line highlights the spacer 
thickness of 20 µm. The stars indicate the multiple 2p phase delay in the spacer at the 
bare LC resonant frequency. The black arrowed dashed line indicates the frequency 
redshift with increase in spacer thickness. .............................................................. 52	
Figure 4.3: The analytical relation between the absorption peak frequency and the spacer 
thickness with different values of the integer m, also showing the transition of the 
contributing resonant modes of the MM from LC resonant mode to dipole resonant 
mode as the frequency increases with shaded color. ............................................... 54	
Figure 4.4: (a) Photo image of a fabricated MMA with SU8 as the spacer material. The 
side length of the sample is 1 cm. (b) Microscope image of the unit cells of the MM 
layer with side length of 70 µm, periodicity of 90 µm. ........................................... 57	
Figure 4.5: The absorption spectra comparison among experiment, simulation, and 
interference theory for MMAs with spacer thickness of 10 µm, 16 µm, 28 µm, 70 µm, 
90 µm, and 105 µm from (a) to (f). The associated m values for the absorption peaks 
are also labeled. ..................................................................................................... 58	
Figure 4.6: m-curves with extracted absorption peak frequencies plotted for MMAs with 
different spacer thickness (10 µm, 16 µm, 28 µm, 70 µm, 90 µm, and 105 µm) from 
experiment, interference theory, and simulation. The vertical green dashed line marks 
the bare LC resonant frequency.............................................................................. 59	
		 xvii 
Figure 4.7: The simulated absorption spectra showing the absorption band shifting with 
different spacer thickness. ...................................................................................... 60	
Figure 4.8: The current distribution of the SRRs at the absorption peak frequencies of (a) 
0.4376 THz, (b) 0.9578 THz, and (c) 1.586 THz for the MMAs configured with spacer 
thickness of 70 µm. The red arrows indicate the current direction. ......................... 61	
Figure 4.9: The m-curves with m = 0. (a) Modifying the real permittivity of spacer material 
with constant imaginary part (ei=0.182). (b) Modifying the imaginary permittivity of 
spacer material with constant real part (er=2.8). The inset of (b) shows the m-curves 
in a larger frequency range. .................................................................................... 63	
Figure 5.1: The retrieved reflection and transmission coefficient from simulation. (a) 
Amplitude spectra and (b) phase spectra. The inset in (a) shows the structure and 
geometry of the SRR unit cell and the periodicity is 45 µm for the array. The 
absorption spectrum with spacer thickness of 5 µm is also plotted in (a). ............... 67	
Figure 5.2: The (a) phase and (b) amplitude spectra of first (dashed line) and secondary 
(solid lines) reflection with different spacer thicknesses. The absorption peak 
frequencies are marked with circles. The critical spacer thickness is 5 µm for unity 
absorption. ............................................................................................................. 68	
Figure 5.3: (a) Phase spectra of the total reflection for different spacer thicknesses with 
the inset showing the corresponding absorption spectra with 5 µm as the critical spacer 
thickness. (b) Color plot of the phase shift of the total reflection as a function of 
frequency and spacer thickness. The white dashed lines mark the critical spacer 
		 xviii 
thickness (5 µm) and the corresponding frequency (1.28 THz) for the perfect 
absorption. ............................................................................................................. 70	
Figure 5.4: Transmission line circuit model for SRRs. Z0 and Zd are the impedance values 
of free space and the spacer material. M is the coupling between the two resonant 
modes. ................................................................................................................... 71	
Figure 5.5: Absorption spectra calculated with reflection and transmission parameters 
retrieved from (a) transmission line model and (b) simulation. ............................... 73	
Figure 5.6: Perfect absorption frequencies and critical spacer thicknesses for MPAs with 
different spacer permittivity. The solid lines plot the results based on phase shift 
approach with reflection and transmission parameters obtained numerically from 
simulation (blue solid lines) or analytically from Equation (5.1) to (5.4) (red solid 
lines). The dashed lines plot the results based on calculated results with Equation 
(5.5) to (5.7). (a) Varying er while keeping ei = 0.0843. (b) Varying ei while keeping 
er 2.81. ................................................................................................................... 76	
Figure 5.7: The absorption spectra with critical spacer thicknesses. (a) and (b) are 
theoretical results from interference theory. (c) and (d) are simulation results. In (a) 
and (c) the imaginary part of the spacer permittivity is identical (0.0843). In (b) and 
(d) the real part of the spacer permittivity is identical (2.81)................................... 78	
Figure 5.8: Experiment (solid lines) and simulation (dashed lines) results of (a) absorption 
and (b) phase of overall reflection for MMAs with different spacer thicknesses of 3.8 
mm, 5.3 mm, and 6.0 mm. The insets in (a) and (b) are the photo image of fabricated 
MPA and the microscopy image of unit cell structure. ........................................... 79	
		 xix 
Figure 5.9: Schematic of sample treatment setup for water absorption .......................... 80	
Figure 5.10: Incubation chamber to create the relative humidity environment for sample 
treatment................................................................................................................ 81	
Figure 5.11: Experiment (solid lines) and simulation (dashed lines) results of the (a) 
absorption spectra and (b) overall reflection phase shift spectra for treated MMAs with 
different spacer thicknesses.................................................................................... 82	
Figure A.1: The schematic of THz-TDS test setup. ....................................................... 87	
Figure B.1: (a) The absorption amplitude of MMAs as a function of spacer thickness at 
the frequencies of 0.632 THz, 0.678 THz, and 0.728 THz with labeled spacer 
thicknesses for absorption peaks. (b) The phase of first and secondary reflection as a 
function of spacer thickness with labeled phase difference. .................................... 93	
Figure C.1: CST model to retrieve the reflection and transmission parameters.............. 94	
Figure C.2: (a) Amplitude and (b) phase spectra of the transmission and reflection 
parameters from fitting results and simulation results for free standing MMs. ........ 96	
Figure C.3: (a) Amplitude and (b) phase spectra of the reflection and transmission 
parameters from fitting results and simulation results for MMs on polyimide......... 97	
 
  
		 xx 
LIST OF ABBREVIATIONS 
MM .............................................................................................................. Metamaterial 
MMA ............................................................................................. Metamaterial absorber 
MPA ...................................................................................Metamaterial perfect absorber 
SRR .................................................................................................... Split ring resonator 
TDS ........................................................................................ Time domain spectroscopy 
THz .................................................................................................................... Terahertz 
 
 
 
		
1 
CHAPTER 1 INTRODUCTION 
1.1 Introduction to Terahertz 
Electromagnetic waves, essentially an oscillating electric and magnetic field, can have 
wavelength scaling from thousands of meters to less than tens of picometers with 
electromagnetic spectrum ranging from radio-waves to gamma-rays respectively. 
Although the only difference across the spectrum is the wave frequency, each different 
region of the electromagnetic spectrum offers unique opportunities for exploration due, in 
part, to the variety of light-matter interactions that occur at different frequencies.   
 The terahertz (THz) regime (from 0.1 THz to 10 THz corresponding to wavelength 
of 3 mm to 30 µm) sits between microwave and far infrared and the advancement of THz 
technologies can be very beneficial. First of all, the working frequencies of modern 
electronic components and the carrier frequencies of modern wireless data transmission 
techniques are limited at the frequency of gigahertz within microwave region. Enabling the 
capability to operate in THz can dramatically increase the operational and data 
transmission speed (Akyildiz et al., 2014). Second, THz can penetrate fabrics, plastics and 
papers, be reflected by metals, and absorbed by water, thusly enabling the wide 
applications in quality control, security imaging, and medical imaging, among others 
(Federici et al., 2005; Friederich et al., 2011; Pawar et al., 2013). More importantly, unlike 
x-rays, THz is not ionizing radiation, and as a result is safe (i.e. for security screening) and 
non-destructive at all even with strong intensities. Likewise, THz light can be utilized for 
molecular structure identification due to the unique “THz finger print” of various molecular 
species (Barber et al., 2005; Zeitler et al., 2007).   
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 Despite these promising applications, the THz is one of the most poorly understood 
regimes of the electromagnetic spectrum, with a corresponding dearth of available 
technologies.  This is commonly referred to as the “terahertz gap”. At the microwave 
regime and below, electron oscillation is the major source to generate the electromagnetic 
radiation. While at the regime from infrared to ultraviolent, photons generated by the 
electron transition between two energy bands are the major source (Sirtori, 2002). THz in-
between these two fundamental mechanisms is the least developed regime both 
scientifically and technically due to short wavelength and the lack of material response. In 
recent decades the combination of THz, metamaterials, and MEMS technologies provides 
a unique angle to address the problem.  
 
1.2 Introduction to Metamaterials 
Initial efforts in developing metamaterials (MMs) were to create left-handed materials or 
negative refractive index materials with simultaneously negative permittivity (e) and 
permeability (µ). The behavior of electromagnetic waves is governed by Maxwell 
equations, based on which one can derive the electric and magnetic components of 
propagation waves as: 
 𝐸%⃗ (𝑟, 𝑡) = 𝐸-%%%%⃗ 𝑒/(0∙2∙345∙6), 𝐵%⃗ (𝑟, 𝑡) = 𝐵-%%%%⃗ 𝑒/(0∙2∙345∙6)  (1.1) 
 
where 𝐸%⃗  and 𝐵%⃗  are the electric and magnetic field vector at the distance of r and time of t, 𝐸-%%%%⃗  and 𝐵-%%%%⃗  are the electric and magnetic field vector at initial point, n is the refractive index, 
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and k is the wave number in vacuum. Refractive index can be expressed as: 
 𝑛9 = 𝜀𝜇     (1.2) 
 
where e is permittivity, and µ is permeability. For most natural dielectric material, with e 
and µ both positive (µ=1 in most materials) the refractive index is positive as well, 
according to Equation (1.1), allowing electromagnetic wave to propagate. For metals, 
doped semiconductor, and plasmas, e is negative at the frequency lower than the plasma 
frequency while µ is positive. The refractive index is an imaginary number based on 
Equation (1.2), therefore, a loss term is introduced into Equation (1.1), which prohibits 
the propagation of electromagnetic wave (Johnson et al., 1972; van Exter et al., 1990). For 
some ferrite materials, negative µ and positive e can be achieved around ferromagnetic 
resonant frequencies, similarly, with imaginary refractive index prohibiting the wave 
propagation (Kasagi et al., 2006). However, it is very hard to find naturally existing 
materials with both negative e and µ (referred as left-hand materials), which may support 
unusual phenomenon, such as reversed Doppler effect and reversed Vavilov-Cerenkov 
effect due to the fact that the phase velocity is opposite to the energy flux in left-handed 
materials (Veselago, 1968).  
 The electromagnetic MMs were firstly coined and experimentally demonstrated 
around 2000 with engineered resonant structures as the unit cells. By controlling the 
geometries of the resonant structures, one can manipulate the permittivity and permeability 
of the engineered material, thus enabling the direct access to the fundamental 
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electromagnetic properties to break the limitation of nature materials (Smith et al., 2000, 
2004; Zhao, et al., 2016). The negative permeability MMs were first demonstrated with 
metallic cylinder resonators as unit cells (Pendry et al., 1999). Shortly after, negative 
refractive index MMs, consisting of split ring resonators (SRRs) and cut wire resonators 
as unit cells, were reported and experimentally verified (Shelby et al., 2001). More 
importantly, the initial work on negative refractive index MMs quickly inspired broad 
research interests, and MMs were employed to realize other functionalities, such as super 
lenses to break the diffraction limitation (Lu et al., 2005; Pendry, 2000; Wiltshire et al., 
2003), gradient index MMs for beam focusing and steering (Chen et al., 2010), invisibility 
cloak with spatially varying refractive index (Schurig et al., 2006), and near field 
enhancement to introduce nonlinearity into MMs, among others (Fan et al., 2013; Zhao, 
Zhang, et al., 2016). One flourishing research direction is the metamaterial perfect 
absorbers (MPAs), which can absorb all the incident electromagnetic wave at designed 
frequencies with subwavelength thickness (less than tenth of the wavelength) (Landy et al., 
2008; N. Liu et al., 2010; X. Liu et al., 2010; Tao et al., 2008). 
 
1.3 Introduction to Metamaterial Absorbers 
Metamaterial absorbers were developed to overcome the intrinsic issues of traditional RF 
electromagnetic absorbers. Therefore, it is worth overviewing traditional RF 
electromagnetic absorbers before the introduction of metamaterial absorbers.  
 Tradition RF electromagnetic absorbers can be generally divided into two 
categories. The first category is resonance based, such as Salisbury screen, Jaumann 
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absorber, Dallenbach layer, and circuit analog absorbers. Salisbury screen was invented by 
American engineer Winfield Salisbury in 1942 (Salisbury, 1952). As illustrated in Figure 
1.1(a), a Salisbury screen is configured with three layers. The first layer is a high 
impedance surface with resistivity matching the impedance of free space (376.73 W). The 
second layer is a lossless spacer with quarter-wavelength thickness to achieve perfect 
absorption at target frequency. The third layer is a ground plane (Knott et al., 2004). 
Jaumann absorber overlays multiple layers of high impedance surface and spacer to 
achieve broadband absorption as shown in Figure 1.1(b). Dallenbach layers consist of a 
lossy dielectric layer (quarter-wavelength thick for dominantly electric material and half-
wavelength for dominantly magnetic material) and a ground plane. Instead of dissipating 
incident wave in high impedance surface, a Dallenbach layer consumes the incident wave 
inside the lossy dielectric layer.  
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Figure 1.1: (a) Layer drawing of the configuration of a Salisbury screen. (b) A Jaumann 
absorber to achieve broadband absorption. (c) Schematic drawing and (d) photo image of 
a Salisbury screen. 
 
Circuit analog absorbers can produce larger absorption band with additional reactive 
component introduced by patterning periodic structure on the impedance surface. The 
introduced reactance can match the reactance of absorber to the impedance of free space at 
a frequency band (centered at the frequency with spacer thickness as quarter wavelength) 
(Munk, 2000) instead of a frequency point. With optimized design, modern circuit analog 
absorbers can achieve extremely broad absorption band at high incident angle (Munk et al., 
2007; Tang et al., 2007; Tretyakov et al., 2003).  
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Figure 1.2: (a) Lossy material configured with pyramid geometry for electromagnetic 
wave absorption. (b) An anechoic chamber with wave absorption material. (c) Schematic 
drawing shows a loss gradient material. (d) Loss gradient material employed for 
electromagnetic compatibility.  
 
 The second category is gradient based as shown in Figure 1.2. The idea is to create 
a slow transition from free space to loss material, so that the wave is absorbed gradually 
over the length of the structure. It can be geometry dependent such as wedge or pyramid, 
which are widely employed in anechoic chambers. Alternatively, it can be material 
dependent by doping porous or sparse materials at one side to create a loss gradient. One 
can increase the absorption capability of such materials by increasing the material thickness 
with decreased gradient (Knott, 2004). 
 Although the above-mentioned electromagnetic wave absorbers can be optimized 
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to achieve high absorption performance, there are some intrinsic issues. First of all, the 
thickness is at least quarter-wavelength for most of them, and it may increase dramatically 
by overlaying multiple layers for broadband absorption. Second, the high impedance 
surface usually requires naturally impedance matching to free space, which increases the 
cost. Moreover, these absorbers were mostly operated within microwave frequencies under 
30 GHz and the application was majorly focused on radio cross section reduction to reduce 
the electromagnetic interference and undesirable radiation from antennas (Emerson, 1973; 
Munk, 2000).  
 To overcome these limitations, metamaterial absorbers (MMAs) were proposed and 
widely studied in a three-layer configuration consisting of a dielectric spacer separating 
two additional layers that are often comprised of metals (Landy et al., 2008; Tao et al., 
2008; Viet et al., 2014). Usually one (or both) of the separated layers is a metasurface 
designed with a resonant frequency dictated by the subwavelength geometry and local 
dielectric environment (Azad et al., 2016; Grant et al., 2011; Zhao, Zhang et al. 2016). In 
an absorber configuration at resonance, incident electromagnetic radiation is effectively 
trapped between the two separated layers and is absorbed in the dielectric and metallic 
regions, ultimately being dissipated entirely as heat. The first MMA was experimentally 
demonstrated in microwave regime (Landy et al., 2008), and thereafter inspired dramatic 
interest in other frequency regimes from THz to infrared with broad applications (Avitzour 
et al., 2009; Aydin et al., 2011; N. Liu et al., 2010; Tao et al., 2008). For example, due to 
the lack of photon sensitive materials in THz regime, dynamic MMAs are utilized to 
spatially modulate the light for single-pixel imaging (Chan et al., 2008; Watts et al., 2014). 
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Also, the MPAs can be integrated with microbolometers for middle infrared imaging 
(Maier et al., 2010). Due to the near unity absorption capability of the MPAs, according to 
Kirchhoff’s law the MPAs can also be configured as thermal emitters for energy harvesting 
applications (X. Liu et al., 2011). Moreover, the absorption spectra are very sensitive to 
the permittivity of the materials around the metallic MM layer, therefore the MMAs can 
also be applied for label free refractive index sensing (T. Chen et al., 2012; Hu et al., 2016).  
 
1.4 Dissertation Outline 
This dissertation introduces a new design of MMA with air as spacer material and explores 
the spacer thickness and material dependence of the absorption peak frequencies and the 
conditions to achieve unity absorption. Chapter 2 generally reviews the major theories used 
to explain the absorption mechanism of MMAs including effective media theory, 
transmission line theory, coupled mode theory, and interference theory. Although the 
theories treat the problem from different point of view, they are in principle connected.  
 Chapter 3 introduces the air-spacer MMA. With a special fabrication technique, we 
were able to employ air as the spacer material by sandwiching air between the MM layer 
and ground plane. The air-spacer MMA features a high quality-factor without dielectric 
loss and the absorption peak frequency is more sensitive to the permittivity change around 
the MM layer. The air-spacer MMA was further integrated with a microfluidic channel. 
The tested results demonstrated a high sensitivity 3 times that of the reported results. 
Therefore, this design can be potentially configured for sensing and detection applications. 
 Chapter 4 presents the absorption peak frequencies in terms of the spacer thickness 
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and the resonant character of the MM layer. Based on interference theory, the derived 
results in this chapter indicate that the increase in the spacer thickness can result in a 
redshift of the absorption peak frequencies, and multiple absorption bands with phase 
accumulation approaching integer times of 2p. The last section of this chapter also shows 
that the absorption peak frequencies are highly related to the real part of the spacer 
permittivity instead of the imaginary part. 
 Chapter 5 discusses the conditions to achieve unity absorption. Two approaches are 
introduced to retrieve the spacer thickness and the corresponding frequencies for unity 
absorption. The first approach is based on the phase shift of the overall reflection by 
utilizing the abrupt phase change at the critical spacer thickness. The second approach is 
based on derived equations from interference theory and transmission line theory. The 
second approach reveals an increase in the critical spacer thickness and a redshift of the 
perfect absorption frequency as the loss of the MMA increasing. 
 Chapter 6 summaries the major achievements presented in this dissertation and 
gives a brief outlook of future research. Appendix gives detailed introduction on the testing 
setup, major equation derivation process, and the methodologies of reflection and 
transmission parameters retrieval and impedance fitting for MM layer. 
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CHAPTER 2 UNDERSTANDINGS OF METAMATERIAL ABSORBERS 
Various models have been developed to explain the near-unity absorption from different 
aspects. Effective medium impedance matching is the most popular one, in which MMAs 
are treated as homogenous materials with intrinsic complex impedance carefully designed 
to match the impedance of free space to minimize surface reflections. Transmission line 
theory is another well-established approach. The MM layer and the spacer material are 
modeled as equivalent lump impedances connected in parallel with dielectric spacer 
introducing phase delay and loss. Coupled mode theory models MMAs with radiative and 
absorptive quality factors. Perfect absorption can be achieved with the two factors equal. 
In a more traditional approach, MMAs can also be understood with interference theory 
with overall reflection resulted from multiple reflections between the MM layer and the 
ground plane. The following sections provide a general review of these models.  
 
2.1 Effective Medium Theory 
On microscopic scale the electromagnetic response of materials originates from the 
interaction between the incident light and the molecules or atoms composing the materials. 
The interaction is usually in the form of resonance and can be expressed as the dispersion 
of material permittivity (e) and permeability (µ) with Lorentzian-oscillator model. In this 
model, an electron in an atom is considered as a second order harmonic oscillator excited 
by an external electric field. The attraction between electrons and atoms in dielectric 
materials can generate a restoring force depending on the displacement of electrons, and 
the displacement decays due to the interaction between electrons and other particles. The 
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displacement of the electron excited by the electric field can be written as: 
 ?̈?(𝑡) + 𝛾?̇?(𝑡) + 𝜔-9𝑥(𝑡) = −𝑒𝐸(𝑡)/𝑚∗   (2.1) 
 
where e is the electron charge, m* is the mass of the electron, g is the damping frequency, 
and w0 is the natural resonant frequency due to the attraction between the electrons and 
nucleus. The induced dipole for a harmonic incident field of 𝐸(𝑡) = 𝐸-𝑒4F56  can be 
expressed as: 
 𝑝 = −𝑒𝑥(𝑡) = HIJ∗ K5LI45I4FM5 𝐸(𝑡)    (2.2) 
 
Assuming the electron density is N, the overall induced polarization density is: 
 𝑝 = NHIJ∗ K5LI45I4FM5 𝐸(𝑡) = 𝜒H𝜀-𝐸(𝑡)    (2.3) 
 
here, ce is the electric susceptibility. Then the complex relative permittivity can be written 
as: 
 𝜀3(𝜔) = 1 + NHIQLJ∗ K5LI45I4FM5    (2.4) 
 
Taking the non-resonant contribution from the lattice vibrations and the contribution of 
inter-band transitions of bound electrons, the dielectric function can be finally written as: 
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(Fox, 2010; Prasankumar et al., 2016) 
 𝜀3(𝜔) = 𝜀∞ + NHIQLJ∗ K5LI45I4FM5 = 𝜀∞ + 5RI5LI45I4FM5   (2.5) 
 
where 𝜀S is the permittivity for infinity frequency, and 𝜔T = U𝑁𝑒9 (𝜀-𝑚∗)⁄  is the plasma 
frequency. For the metal with high conductivity, the attraction between the electrons and 
the atoms can be neglect. Therefore, the restoring force in Equation (2.1) is set to zero 
leading to a zero oscillation frequency and the permittivity can be written as: 
 𝜀3(𝜔) = 𝜀S − 5RI5IXFM5     (2.6) 
 
known as Drude equation for conductive metals.  
 In a macroscale the electromagnetic wave propagation in material can be described 
by macroscopic Maxwell’s equations with components of electric field E, magnetic field 
H, electric displacement field D and magnetic flux density B, due to the fact that the 
wavelength is much larger than a lattice constant. Also, one can employ averaged electric 
and magnetic polarizations over the lattice structure to describe the electromagnetic 
properties of the material with macroscopic permittivity and permeability. Similar to nature 
material, MMs can mimic the electromagnetic response with engineered inclusions. The 
periodicity of the inclusions should be smaller than the wavelength of interest, so that MMs 
can be treated as homogenous materials with an averaged response and described with 
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effective permittivity and effective permeability. Typically, the ratio of wavelength to 
lattice constant should be larger than 2 to ensure the phase change in one unit cell is less 
than p (R. Liu et al., 2007).  
 
 
Figure 2.1: Illustration of the electric field components for equivalent parameters retrieval. 
The MM slab is cladded between air. 
 
 The effective permittivity and effective permeability of MMs can be retrieved by 
employing simulated or measured reflection and transmission coefficients. Figure 2.1 
shows a MM slab placed in air with incident wave, reflected wave, and transmitted wave 
labeled as Ein, Er, and Et. The reflection coefficient (r) and transmission coefficient (t) can 
be expressed as: 
 𝑟 = 𝐸Y 𝐸Z[⁄ , 𝑡 = 𝐸\ 𝐸Z[⁄     (2.7) 
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Then, the effective impedance of the MM (z) can be written as: 
 
𝑧 = ±_(KX3)I46I(K43)I46I     (2.8) 
 
The real part and imaginary part of the refractive index can be written as:  
 
Re(𝑛) = ±Re bcdefgh gIijK4k3I46Ilmn2o p + 9qJ2o    (2.9) 
Im(𝑛) = ±Imbcdefgh gIijK4k3I46Ilmn2o p   (2.10) 
 
The correct solution branch can be identified with additional knowledge about the material 
properties. For instance, for passive material Re(Z) > 0, and Im(n) > 0, which can help to 
narrow down the solution (Smith et al., 2002). With z and n, one can finally acquire e and 
µ with the relationship of: 
 𝜀 = 𝑛 𝑧⁄ , 𝜇 = 𝑛𝑧    (2.11) 
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Figure 2.2: Effective parameter retrieval for a MMA (X. Liu, 2010) (a) Schematic and 
SEM image of the unit cell. The dimensions are a = 2, l = 1.7, w = 0.4, and t = 0.185 µm. 
(b) The simulated reflection, transmission, and absorption spectra. The simulated 
absorption spectrum was also compared with the experiment result. (c) The effective 
permittivity and permeability retrieved from the simulation results in (b). Copyright 2010, 
American Physical Society. 
 
 With the mathematical process presented above, one can retrieve the effective 
permittivity and permeability of MMAs from the reflection and transmission coefficients 
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as shown in Figure 2.2 (X. Liu, 2010). The dashed line in Figure 2.2(c) indicates the 
absorption peak frequency (around 50 THz with wavelength of 6 µm) in Figure 2.2(b). 
From the retrieved results, one can observe that the real part of permittivity (e1) and 
permeability (µ1) is zero at the absorption peak frequency, which is critical for the zero 
reflection. 
 
2.2 Transmission Line Theory 
Transmission lines are widely employed to guide signals in radio frequency when the 
wavelength is comparable with the size of the circuit and the wave properties of electric 
field have to be considered. A transmission line has two conductors and can be modeled as 
a lumped element circuit as shown in Figure 2.3 with distributed elements. 
 
 
Figure 2.3: The lumped element circuit model of transmission line. 
 
R and L are series resistance and inductance per unit length of the two conductors, G is the 
shunt conductance per unit length representing the dielectric loss in the material between 
the conductors, and C is the shunt capacitance per unit length (Pozar, 2011). From 
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Kirchhoff’s voltage and current law, the relationship between the line voltage and current 
can be derived as: 
 
ot(u)ou = −(𝑅 + 𝑗𝜔𝐿)𝐼(𝑧)    (2.12) oz(u)ou = −(𝐺 + 𝑗𝜔𝐶)𝑉(𝑧)    (2.13) 
 
The voltage and current can be decoupled by rearranging the above two equations: 
 
oIt(u)ouI − 𝛾9𝑉(𝑧) = 0     (2.14) 
oIz(u)ouI − 𝛾9𝐼(𝑧) = 0     (2.15) 
 
where 𝛾 = U(𝑅 + 𝑗𝜔𝐿)(𝐺 + 𝑗𝜔𝐶) is the propagation constant. Traveling wave solution to 
Equation (2.14) and (2.15) can be found as: 
 𝑉(𝑧) = 𝑉-X𝑒4Mu + 𝑉-4𝑒Mu    (2.16) 𝐼(𝑧) = KL (𝑉-X𝑒4Mu − 𝑉-4𝑒Mu)    (2.17) 
 
where 𝑒4Mu and 𝑒Mu represent wave propagation along +z and -z direction, and Z0 is the 
characteristic impedance with expression as: 
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 𝑍- = _X5X5     (2.18) 
 
which relates the voltage and current as follows: 
 
tLzL = 𝑍- = − tLfzLf     (2.19) 
 
 
Figure 2.4: A transmission line with characteristic impedance of Z0 loaded with an 
impedance of ZL. The input impedance at a distance of l away from load is Zin. 
 
 Based on transmission line model, one can calculate the impedance of a loaded 
transmission line with arbitrary length. As shown in Figure 2.4 assuming a transmission 
line with characteristic impedance of Z0 is loaded with an impedance of ZL, the impedance 
measured at a given distance l from the load can be written as: 
 𝑍Z[(𝑙) = 𝑍- KXHfIK4HfI     (2.20) 
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where 𝛾  is the propagation constant, and 𝛤  is the reflection coefficient which can be 
written as: 
 𝛤 = 4LXL     (2.21) 
 
By matching ZL to the characteristic impedance, one can totally eliminate the reflection 
signal and dissipate all of the input power inside the load.  
 Transmission line model is a well-developed tool to optimize the power delivery 
by matching the source and input impedance. The lump model is intuitive and the derived 
results can be generally applied to study different designs. More importantly, the 
electromagnetic wave propagation in dielectric material can be equivalent to a transmission 
line model. Assuming a source-free, linear, isotropic, and homogeneous material, 
Maxwell’s curl equations can be written as: 
 ∇ × 𝐸%⃗ = −𝑗𝜔𝜇𝐻%⃗      (2.22) ∇ × 𝐻%⃗ = 𝑗𝜔𝜀𝐸%⃗      (2.23) 
 
One can decouple the electric and magnetic field by taking the curl of above two equations. 
The decoupled results are: 
 ∇9𝐸%⃗ + 𝜔9𝜇𝜀𝐸%⃗ = 0     (2.24) ∇9𝐻%⃗ + 𝜔9𝜇𝜀𝐻%⃗ = 0     (2.25) 
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Considering the wave is propagating along z direction with only x component, Equation 
(2.24) can be reduced to: 
 
IuI + 𝑘9𝐸 = 0     (2.26) 
 
where 𝑘 = 𝑘-√𝜇𝜀 is the propagation constant of the medium and 𝑘- is the propagation 
constant in free space. The solution of the above wave equation is: 
 𝐸(𝑧) = 𝐸X𝑒42u + 𝐸4𝑒2u    (2.27) 
 
which can be substituted into Equation (2.23) to get the solution of the magnetic field as: 
 𝐻(𝑧) = K (𝐸X𝑒42u − 𝐸4𝑒2u)   (2.28) 
 
where 𝜂 = U𝜇 𝜀⁄  is defined as the intrinsic impedance of the medium. By comparing 
Equation (2.16) and (2.17) with Equation (2.27) and (2.28), one can clearly tell the 
similarity between the transmission line and wave propagation solutions with following 
analogies:  
 𝐸 ↔ 𝑉,𝐻 ↔ 𝐼, 𝜂 ↔ 𝑍-, 𝑗𝑘 ↔ 𝛾 
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and the bulk dielectric slab can be converted to a transmission line as shown in Figure 2.5 
(Sjöberg, 2008). Therefore, the results from transmission line model can be directly applied 
to solve electromagnetic wave propagation problems.  
 
 
Figure 2.5: Transmission line model of a bulk slab 
 
 MMAs are usually composed of a MM layer, a dielectric spacer, and a ground 
plane. One can model an MMA with a transmission line. As illustrated in Figure 2.6, the 
dielectric spacer can be treated as a transmission line with length of spacer-thickness. The 
MM layer can be considered as a shunt impedance (ZMM) connected to one end of the 
transmission line, and the ground plane shorts the transmission line at the other end. Based 
on Equation (2.20), the input impedance of the transmission line can be written as: 
 𝑍Z[ = 𝑗𝑍tan	(𝑘𝑑)     (2.29) 
 
The overall impedance of the MMA can be further expressed as: 
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𝑍 ¡¢ = 𝑍  //𝑍Z[ = ££∙¤¥££X¤¥   (2.30) 
 
 
Figure 2.6: (a) Schematic of an MMA with three-layer configuration. (b) Equivalent 
transmission line model of MMA. CMM, LMM, and RMM are the equivalent capacitance, 
inductance, and resistance of the MM layer. Zair and Zm are the characteristic impedance of 
free space and dielectric material. (c) Further simplified transmission line model. ZMM is 
the overall impedance of the MM layer and Zin is the input impedance formed by the 
dielectric layer and the ground plan. 
 
Therefore, the MMA in air can be treated as a transmission line with characteristic 
impedance of free space (𝑍¦ZY = U𝜇- 𝜀-⁄ = 377	Ω) loaded with ZMPA. By matching ZMPA 
to Zair, one can eliminate the reflection and achieve perfect absorption (Costa et al., 2012, 
2013; Wen et al., 2009). 
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2.3 Coupled-Mode Theory 
Coupled-Mode theory explains a system with resonant modes or propagation modes based 
on energy aspect. To understand the physical meaning of the parameters, one can start with 
a basic LC resonant circuit as illustrated in Figure 2.7. The relationship between voltage 
and current may be expressed as: 
 𝑣 = 𝐿 «F«6     (2.31) 𝑖 = −𝐶 «­«6     (2.32) 
 
It is possible to substitute Equation (2.32) to Equation (2.31) to decouple the two 
parameters leading to a second-order differential equation for the voltage as: 
 
«I­«6I + 𝜔-9𝑣 = 0    (2.33) 
 
where  
 𝜔-9 = K     (2.34) 
 
One can also decouple the equation by introducing new parameters as: 
 
𝑎 = _9 b𝑣 − 𝑗_ 𝑖p     (2.35) 
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Substituting Equation (2.35) into Equation (2.31) and (2.32) and after some basic 
mathematical manipulation, one can obtain: 
 
«¯«6 = −𝑗𝜔-𝑎     (2.36) 
 
It is worthy to explore the physical meaning of a. The solutions to Equation (2.31) and 
(2.32) are: 
 𝑣(𝑡) = |𝑉|cos	(𝜔-𝑡 + 𝜑)    (2.37) 
𝑖(𝑡) = _ |𝑉|sin	(𝜔-𝑡 + 𝜑)    (2.38) 
 
here, |𝑉| is the peak amplitude of the voltage in the LC circuit and 𝜑 is the phase. Then a 
can be written as: 
 
𝑎 = _9 [|𝑉| cos(𝜔-𝑡 + 𝜑) − 𝑗|𝑉|sin	(𝜔-𝑡 + 𝜑)] = _9 𝑉𝑒4(5L6X¸) (2.39) 
 
which can be further normalized as: 
 |𝑎|9 = 9 |𝑉|9 = 𝑊    (2.40) 
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where W is the energy in the circuit. Therefore, a is the positive-frequency component of 
the mode amplitude, and Equation (2.36) describes the energy exchanging in the circuit. 
Specifically, the left-hand side indicates the energy change with time. 
 
 
Figure 2.7: A basic LC resonant circuit 
 
 Equation (2.36) can be further extended by considering the energy loss, and energy 
exchange. Figure 2.8 plots a schematic of a transmission line model. The transmission line 
has a characteristic impedance of Z0 and is terminated with an RLC circuit. Assuming the 
impedance at the other end is matched to Z0. The coupled-mode equation can be written as: 
 
«¯«6 = −𝑗𝜔-𝑎 − KºL 𝑎 − Kº» 𝑎 + _ 9º¼ 𝑠X   (2.41) 
 
where 
 
K¾L = 95LºL = K5L    (2.42) 
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K¾¼ = 95Lº¼ = K5LL    (2.43) 
 𝑄- and 𝑄H  are the unloaded quality factor and external quality factor.  
 
 
Figure 2.8: Transmission line model labeled with parameters employed in Equation 
(2.41) to (2.43). The left side is loaded with impedance matched to the characteristic 
impedance of the transmission line. The right side is loaded with a resonator expressed 
with RLC lump circuit model. vs denotes the power source. s+ and s- denote the incident 
and reflected power to/from the resonator.  
 
Every term in Equation (2.41) has its physical meaning. The term on the left-hand side 
indicates the energy change with time. On the right-hand side, the first term means the 
energy exchange inside the resonator; the second term introduces the energy dissipation in 
the resistor; the third term indicates the energy escaped from the resonator into the 
transmission line, and the forth term shows the incident energy coupled to the system. 
Based on energy conservation (Haus, 1984), one can further derive the reflected power as: 
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𝑠4 = −𝑠X + _ 9º¼ 𝑎    (2.44) 
 
which provides the physical insight of the reflected power as the superposition of the 
reflected incident power and the power escaped from the resonator. By combining 
Equation (2.41) and (2.44), the reflection coefficient can be written as: 
 𝑟 = ÀfÀ = −1 + 9 º¼⁄4F(545L)XK ºLXK º¼⁄⁄    (2.45) 
 
At the resonant frequency of 𝜔- when 𝜏- = 𝜏H , the reflection coefficient is zero indicating 
all the incident power are consumed in the resonator with no reflection. 
 As shown in Figure 2.9, MMAs with configuration of metal-insulator-metal can be 
treated as a one-port single-mode resonator, and the reflection coefficient can be calculated 
with Equation (2.45). By introducing two parameters 𝑄¯ = 𝜔-𝜏¯/2 and 𝑄3 = 𝜔-𝜏3/2 as 
the absorptive and radiative quality factor (corresponding to the unloaded quality factor 
and external quality factor in Equation (2.42) and (2.43)), the perfect absorption can be 
realized by matching these two factors (Qu et al., 2015).  
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Figure 2.9: (a) Schematic of the MMA configuration. (b) Single-port resonator model in 
coupled mode theory. (c) The amplitude of the absorption and (d) the phase span of the 
reflection coefficient in terms of 𝑄¯ and 𝑄3. Copyright 2015, American Physical Society. 
 
2.4 Interference Theory 
In a more traditional approach, the overall reflection of the MMAs can be considered as 
the superposition of the multiple reflections between the MM layer and the ground plane 
as depicted in Figure 2.10 (H.-T. Chen, 2012).  
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Figure 2.10: Multiple reflections inside the MMA. 
 
Assuming the reflection coefficient of the ground plane (r23) is -1, the overall reflection 
coefficient can be written as: 
 𝑟 = 𝑟K9 − 6gI6gI3IgXÃÄÅ	(4Z9Æ)   (2.46) 
 
where r is the overall reflection, b  = n k d is the one-way phase delay in the spacer, and n, 
k, d are the refractive index of the spacer material, the wave number in vacuum, and spacer 
thickness, respectively. Using conventional nomenclature, the reflection and transmission 
coefficients are r12, t12 (incident from air side) and r21, t21 (incident from substrate side) of 
the MM layer, which include both amplitude and phase information. Due to the zero 
transmission of the ground plane, the absorption can be expressed as 𝐴 = 1 − |𝑟|9 . 
Therefore, by optimizing the reflection coefficient to zero, one can achieve perfect 
absorption.  
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 The reflection and transmission coefficients are retrieves from the bare MMs 
numerically and the near field coupling between the two metal layers are neglected. 
Typically, near field coupling can decrease the resonant frequency by introducing 
additional reactance. However, since the near field coupling decays very fast away from 
the MM layer, one only need to consider the effect in the case of thin spacer limit. As the 
near field distribution is largely structure dependent, different MM designs may have 
different thickness threshold for thin spacer limit. For MMs with patch structure as unit 
cell, the threshold is about tenth of the resonant wavelength. Above the threshold, the 
resonant frequency increases with the decrease in the spacer thickness. Below the 
threshold, the resonant frequency is saturated and independent of the spacer thickness due 
to the near field coupling between the two metal layers (Ma et al., 2016).  
 One can include the near field coupling in the reflection and transmission 
coefficients retrieving process by adding small portion of the ground plane, which cannot 
significantly change the reflection and transmission but contributes most of the coupling, 
in the numerical model. For MMs with cross structure as unit cell, metal patches 
underneath the gap between neighboring resonators can be included to take into account 
the parasitic capacitance (Huang et al., 2012).  
 
2.5 Discussion 
This chapter introduces the major theories developed to understand the working principle 
of MMAs. Every theory explains the perfect absorption from a different aspect with totally 
different set of equations derived. However, essentially, they are related to each other only 
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providing various angles to understand the same problem. From material angle, the 
effective medium theory extracts the equivalent permittivity and permeability of the MMA 
based on the reflection and transmission coefficients showing that impedance match is the 
condition for perfect absorption. From electromagnetic wave propagation angle, the 
transmission line theory treats the MMA as a one-port transmission line. Same to effective 
medium theory, the condition for perfect absorption is impedance match. From power 
angle, the coupled mode theory introduced absorptive and radiative quality factors. Perfect 
absorption can be achieved when these two quality factors equal, at which, based on 
Equation (2.42) and (2.43), the impedance of the load is, once again, matched to the 
impedance of free space. From optical angle, the interference theory explains the overall 
reflection as the superposition of multiple reflections between two interfaces. An effective 
impedance of the multiple reflections can be derived, and the perfect absorption achieved 
at the effective impedance matched to the impedance of free space (Seren, 2014).  
 Although the four theories are, in essential, connected with each other, with 
relatively-simple mathematics the interference theory can offer an opportunity to explore 
the deeper relationships between experimentally accessible parameters and the absorption, 
which will be discussed in details in following sections.  
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CHAPTER 3 AIR-SPACER METAMATERIAL ABSORBERS AND 
MICROFLUIDIC CHANNEL INTEGRATED SENSING DEVICES 
3.1 Introduction 
The spacer material as an essential component of MMAs is critical towards realizing 
different functionalities. For example, liquid crystals can be employed as the spacer 
material to achieve electrical tunable MMAs (Shrekenhamer et al., 2013). By utilizing VO2 
as spacer material, one can switch on and off the absorption with temperature (Dicken et 
al., 2009). Moreover, nonlinear property can be introduced by integrating semiconductor 
as spacer material (Zhao, 2016). Nevertheless, those MMAs are composed of three-layer 
configuration with the dielectric spacer material as the major source for incident radiation 
dissipation. Importantly, the quality factor of MMAs is usually higher than that of single 
layer of MMs (H.-T. Chen, 2012). Therefore, MMAs are more suitable for sensing 
application. However, the presence of the dielectric spacer precludes access to the volume 
between the MM layer and the ground plane. Also, the loss introduced by spacer material 
can significantly reduce the quality factor. Herein, we designed a MMA consisting of a 
layer of free-standing MMs, an air spacer, and a ground plane as the schematic in Figure 
3.1. The free-standing MMs can dramatically increase the sensitivity (Tao et al., 2010), 
and the air-spacer enables the fully access to the spacer volume with high electrical field 
concentration (Hu, 2016).  
 
		
34 
 
Figure 3.1: Schematic drawing of assembling of air-spacer MMAs 
 
 As a manipulation strategy with high precision, microfluidic channel can be 
integrated with the air-spacer MMA for a functional sensing device. We developed a 
fabrication process to get rid of the bulk material by utilizing silicon nitride membranes as 
the supporting material and the air-spacer as the fluidic channel. The absorption spectrum 
of the fabricated microfluidic MMA demonstrated a high sensitivity to the change of the 
permittivity of the in-channel media. 
 
3.2 Design and Fabrication 
The fabrication process is depicted in Figure 3.2. The fabrication process started with a 
double side silicon nitride (400 nm) coated silicon wafer. Photoresist (AZ5214) was spin-
coated on one side of the wafer followed by photolithography to get the pattern of SRRs. 
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Then e-beam evaporation was employed to coat a 200-nm-thick gold with 30-nm-thick 
chromium as adhesion layer.  
 
 
Figure 3.2: The fabrication process of air-spacer MMAs. 
 
Afterward the whole wafer was soaked into acetone to lift-off the photoresist leaving only 
SRRs. Next, the backside silicon nitride coating was patterned with photolithography and 
etched with reactive ion etching to open windows as mask for the following wet etching 
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process, in which KOH solution was employed to completely remove the bulk silicon 
substrate, leaving only front silicon nitride membrane with SRRs on top. A second wafer 
was coated with 200-nm-thick gold as ground plane and patterned with 10-µm-thick 
polyimide (HD8820) as adhesion materials for following flip chip bonding. Finally, the 
structure layer was flip chip bonded with the ground plane layer by applying high 
temperature (175°C) and force (200g). The thickness of the air-spacer of fabricated sample 
was measured with a digital dial indicator as 5-µm-thick.  
 Figure 3.3 shows the fabricated sample and the microscopy image of the unit cell 
array. The side length of the fabricated sample is 20 mm with 10 mm square open window 
for testing. The periodicity of the array, the side length of the unit cell, the line width, the 
gap of the SRRs are 80 µm, 70 µm, 5 µm, 8 µm, respectively.  
 
 
Figure 3.3: (a) Fabricated air-spacer MMAs. (b) Microscopy image of SRR unit cells. 
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3.3 Experiment and Results 
The fabricated samples were characterized using THz time domain spectroscopy (TDS) 
with normal incidence in reflection. Please refer to Appendix A for more details of the test 
setup. The time domain reflection signal was measured, Fourier transferred to frequency 
domain, and normalized to reference signal (total reflection from a gold mirror).  
 
 
Figure 3.4: Absorption spectra with incident THz pulses polarized (a) parallel and (b) 
perpendicular to the gap of SRRs. The x-y plane is in plane with the MM layer with x 
parallel and y perpendicular to the gap, and z direction perpendicular to the MM layer. 
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As the ground plane eliminated the transmission completely, the absorption spectra can be 
expressed as 𝐴 = 1 − |𝑟|9, in which A is the amplitude of absorption and r is reflection 
coefficient.  
 The absorption spectra were measured with incident THz pulses polarized parallel 
and perpendicular to the gap of the SRRs, and the results are plotted in Figure 3.4 together 
with the simulation results. Absorption peaks were observed at the frequency of 0.811 THz 
and 0.954 THz for parallel and perpendicular polarization with amplitude of 88.4% and 
99.8% respectively. High degree of agreement between simulation and experimental 
results was demonstrated. Theoretical results were obtained by using interference theory. 
The frequency mismatch between the experimental and theoretical results were 0.007 THz 
and 0.016 THz for LC and dipole absorption modes (0.9% and 1.7% offset of the absorption 
peak frequencies). The mismatch is due to the neglect of coupling between the MMs and 
the ground plane in the interference theory serving as an enhanced mutual capacitance, 
which can result in an absorption peak frequency higher than experiment results (Huang, 
2012; Tretyakov & Simovski, 2003).  
 
Table 3.1: The power consumption inside each part of MMA 
Resonant mode Ground plane SiNx membrane MM layer 
LC 18.6% 5.3% 76.1% 
Dipole 17.9% 6.0% 76.1% 
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Figure 3.5: Current distribution inside the SRRs for (a) LC absorption mode and (b) dipole 
absorption mode with red arrows indicating the directions of current flow. 
 
 Traditionally the spacer material consumes most of the incident radiation within 
dielectric spacer decided by the imaginary part of the material permittivity. For the air-
spacer MMA, the power consumption must occur in the metallic structures and silicon 
nitride thin film. To get more insight of this, we simulated the power consumption in each 
part of the MMA and listed the results in Table 3.1. From the results, we can see most of 
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the power is consumed inside the metallic structures (ground plane and MM layer) as Joule 
heating. The current distribution of the resonant modes is depicted in Figure 3.5 indicating 
high current density in side 1 and side 2 for LC resonant mode, while side 3 and side 4 for 
dipole resonant mode. More importantly, the reduction of dielectric loss increases quality 
factor. The measured and simulated quality factor are 19.8 and 28.2 for LC absorption 
mode, and 17.2 and 21.02 for dipole absorption mode. Compared with reported MMAs 
with dielectric material as spacer, the quality factor increases more than three-fold (Seren 
et al., 2014; Zhao, 2016).  
 We further investigated the electric field distribution to obtain a comprehensive 
understanding of the air-spacer MMA. The electric field distributions were simulated in 
CST Microwave Studio and plotted in Figure 3.6. Figure 3.6(a) and 3.6(b) illustrate the 
electric field distribution of single SRR unit cell at the cross section indicated by the dashed 
lines in the insets for LC and dipole absorption mode respectively. For the LC absorption 
mode, the electric field is primarily perpendicular to the ground plane, while parallel to the 
ground plane in the gap. For the dipole absorption mode, the electric field is mostly 
perpendicular to the ground plane. However, the electric field at the boundary is much 
higher than that of the LC absorption mode indicating a stronger coupling between adjacent 
unit cells. 
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Figure 3.6: The electric field distribution at the cross section labeled as the dashed lines in 
the insets for (a) LC and (b) dipole absorption mode. The electric field strength at the cross 
section at the midpoint of spacer in parallel to the ground plane for (c) LC and (d) dipole 
absorption mode.  
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 The simulated electric field distribution at the midpoint of the spacer in x-y cross 
section (see coordinate in Figure 3.4) is plotted in Figure 3.6(c) and (d) for LC and dipole 
resonant mode. The electric field is highly concentrated at the beams forming the gap for 
the LC absorption mode. In the case of dipole absorption mode, the maximum field strength 
is at the top and bottom side of the SRRs. Nevertheless, the electric field is highly 
concentrated in the spacer volume, indicating that the absorption should be very sensitive 
to the spacer permittivity.  
 Considering the unique high-quality factor, the air-spacer absorber has a set of 
advantages for potential sensing applications. For example, the air-spacer opens the 
possibility to utilize the spacer volume by integrating with microfluidic channels to detect 
the permittivity change of the fluidic media, which is directly related to the change of the 
absorption strength and resonant frequencies. We investigated the possibilities by 
employing simulation to motivate future works along this direction. Figure 3.7(a) plots the 
absorption spectra by changing the imaginary part of the permittivity of the spacer material 
with constant real part. The increase in the imaginary part decreases the quality-factor and 
the absorption strength, while the absorption peak frequency remains almost constant. 
Figure 3.7(b) depicts absorption spectra by changing the real part of the permittivity while 
keeping the imaginary part the same. The absorption peak frequency experiences a red shift 
with the increase in the real part of the permittivity, while the quality factor and absorption 
strength remain nearly constant. We note the free-standing MM layer is important to 
achieve the high sensitivity (Tao, 2010), therefore, has to be carefully handled during the 
design and fabrication process. 
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Figure 3.7: The simulated absorption spectra with different spacer permittivity. (a) 
Changing the imaginary part of the permittivity with constant real part. (b) Varying the real 
part with imaginary part as zero. 
 
3.4 Microfluidic Channel Integration 
We fabricated the microfluidic MMAs by employing PDMS to seal the channel. Figure 
3.8 illustrates the fabrication process of the microfluidic channel device.  
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Figure 3.8: The fabrication process of the microfluidic channel integrated sensing device. 
 
 A double-side silicon nitride (0.5µm-thick) coated wafer was employed to fabricate 
the MMs. Photolithography was introduced to define the structure of the MMs, followed 
by e-beam evaporation deposition (10nm chromium, 150nm gold), and finally liftoff 
process was employed to get the MM structure. Afterward, etching windows were pattered 
at the other side with photolithography, then reactive ion etching was applied to etch silicon 
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nitride for the window, eventually wet etching was employed to etch the bulk silicon. The 
ground plane (10nm chromium, 150nm gold, 10nm chromium) was fabricated by e-beam 
evaporation on the second wafer. Microfluidic channel was patterned with SU8 by 
employing photolithography. The height of the channel is defined by the thickness of SU8 
(120 µm). Then the SU-8 surface was cleaned with isopropyl alcohol, rinsed by DI water, 
and dried for the bonding.  
 PDMS base and cure agent were mixed with a ratio of 10:1, poured onto a silicon 
wafer with the MM chip structure as mold, and degassed in a desiccator for 30 mins to 
remove the air bubbles. Subsequently, the mixture was cured on hotplate at 80 °C for 1 
hour, then cut and punctured to create the test window and injection ports. Afterward, the 
PDMS device was sonicated in an ultrasonic bath and dried. Oxygen plasma was employed 
to activate the surface. Then, the PDMS device was immersed into 99% (3-Aminopropyl) 
triethoxysilane for 5 mins, washed with DI water and dried (Ren et al., 2015). Next, the 
MM chip was flip coated on the microfluidic channel and aligned with PDMS device under 
microscope. Finally, the microfluidic channel device was place on a hotplate with 
temperature of 90 °C and a pressure of 2N/cm2 applied on top for 1 hour to form the 
bonding. A fabricated device is shown in Figure 3.9 with a 6 mm square open window for 
testing.  
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Figure 3.9: (a) Cured PDMS in the mold. (b) Fabricated free-standing MM layer. (c) The 
microscope image of the fabricated MM unit cells. The periodicity of the unit cell is 60 
µm. The side length, line width, and gap of the SRRs are 50 µm, 5 µm, and 8 µm. (d) Photo 
image of a bonded microfluidic channel device.  
 
 The fabricated device was characterized with THz-TDS. As depicted in Figure 
3.10(a), the absorption spectrum was first measured without liquid injection indicating an 
absorption peak at 1.33 THz. Then methanol was injected to fill the microfluidic channel 
with a syringe. Correspondingly, the absorption peak shifted to 0.78 THz with the change 
of the in-channel permittivity. The absorption spectra were also simulated with the in-
channel permittivity of air (1) and methanol (3+i0.8). The simulation results show high 
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degree of agreement with the experiment results as shown in Figure 3.10(b). Compared 
with the reported results with glass superstrate (Hu, 2016), our design shows more than 3 
times improvement in sensitivity due to the free-standing MM layer.  
 
 
Figure 3.10: (a) Tested and (b) simulated absorption spectra of the microfluidic channel 
MMA with air and methanol as the in-channel media. The stars indicate the absorption 
peaks.  
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3.5 Discussion and Conclusion 
In summary, this chapter introduced the design, fabrication, and characterization of an air-
spaced THz MMA. Due to the absence of the dielectric loss, the quality factor was 
increased by greater than three-fold when compared to conventional MPAs. Further 
increases in the quality factor are limited because of losses in the metallic layers. 
Simulations of the local electric fields reveal that the electric field is highly concentrated 
between the two metallic layers, especially beneath the SRRs. To utilize the concentrated 
electric filed for sensing applications, the air-spacer MMA was integrated with a 
microfluidic channel to grant fully access to the air spacer. The absorption spectra of the 
fabricated microfluidic MMAs were measured with air and methanol as the in-channel 
media showing 3 times more sensitivity than reported results.  
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CHAPTER 4 THICKNESS DEPENDENCE OF METAMATERIAL ABSORBERS 
4.1 Introduction 
MMAs are typically configured with three layers as metallic ground plane, dielectric 
spacer, and MM layer to realize incident radiation absorption at certain frequency. Precise 
control of the absorption peak frequency is critical for MMA design. And the shift of the 
absorption peak frequency is one of the main output for MMAs configured for sensing 
applications (Hu, 2016; N. Liu, 2010). The absorption peak frequency is closely related to 
multiple design parameters, such as the resonant mode of MM layer, the spacer thickness, 
the permittivity of spacer material, among others. Although various models (see details in 
chapter 2) have been developed to explain the absorption of the MMAs, the mathematical 
complexity usually precludes further derivation to reveal the direct relationship between 
the absorption peak frequency and the design parameters, therefore, cannot be readily 
employed to guide the design and optimization process of MMAs, especially when 
realizing maximum absorption at specific frequency. Simulation is still the main 
methodology for this process by iteratively modifying the design parameters without 
revealing deeper physical understandings. 
 In this chapter, based on interference theory, the relationship between the 
absorption peak frequency and the design parameters was derived theoretically, clearly 
presenting the absorption peak frequency dependence on the resonant frequency of the MM 
layer, the spacer thickness, and the permittivity of spacer material. The derived relationship 
was also validated with experiment results. The derived results can be directly applied to 
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guide MMA designs and understand the absorption peak frequency shift of sensors based 
on MMAs. 
 
4.2 Transmission and Reflection Parameters of Metamaterials 
MMs with SRRs as unit cells are employed through this chapter. The dimensions of the 
unit cell are shown as the inset in Figure 4.1.  
 
 
Figure 4.1: The simulated transmission and reflection spectra of MM layer alone. (a) 
Amplitude spectra and (b) phase spectra. The geometry of the SRR unit cell is labeled as 
the inset and the periodicity is 90 µm. 
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 The reflection (r12 and r21) and transmission (t12 and t21) coefficient of MM layer 
alone without ground plane were simulated in CST Microwave Studio. The material of 
SRRs was set as gold as lossy metal with conductivity of 4.56´107 S/m, and the material 
of spacer material was set as SU8 as a dielectric material with relative permittivity of 
2.8´(1+0.065i). Figure 4.1 plots the amplitude (a) and phase (b) spectra of the retrieved 
reflection and transmission coefficients from simulation. The spectra exhibit two resonant 
modes with frequencies of 0.78 and 2.07 THz, corresponding to the LC and dipole 
resonances, which are referred as the bare resonances in this chapter (i.e. the resonance 
frequencies in the absence of a ground plane). 
 
4.3 Thickness Dependence Derivation 
According to interference theory, the overall reflection is the superposition of the multiple 
reflections on the MMs and ground plane (see details in chapter 2), which can be expressed 
as Equation (2.46). By substituting the reflection and transmission spectra into Equation 
(2.46) and sweeping the spacer thickness, one can obtain the total reflection spectra for 
different spacer thickness, then can further calculate the absorption with 𝐴 = 1 − |𝑟|9, in 
which A is the absorption and r is the total reflection.  
 Figure 4.2 depicts the absorption spectra with different spacer thicknesses. The two 
bare resonant frequencies are highlighted with vertical dashed lines. And the absorption at 
the bare resonant frequencies is nearly zero regardless of the spacer thickness due to the 
strong reflection and weak transmission at the MM layer. Moreover, the increase in spacer 
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thickness results in additional absorption band due to increase in the phase delay inside 
spacer. 
 
 
Figure 4.2: The color plot of absorption spectra as a function of spacer thicknesses 
calculated with interference theory. The two vertical dashed lines highlight the bare LC 
and dipole resonant frequencies, and the vertical dashed line highlights the spacer thickness 
of 20 µm. The stars indicate the multiple 2p phase delay in the spacer at the bare LC 
resonant frequency. The black arrowed dashed line indicates the frequency redshift with 
increase in spacer thickness.  
 
 Typically, the spacer thickness is subwavelength (the wavelength in SU8 at the bare 
LC resonant frequency of 0.78 THz is 230 µm). For example, with 20 µm spacer thickness 
as indicated by the horizontal dashed line, two absorption peaks are evident. One is due to 
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the LC resonance and the other one is due to the dipole resonance of the bare MMs. 
Moreover, for the spacer thickness within subwavelength region (23 µm, tenth of 
wavelength), the two absorption peak frequencies are always lower than the related bare 
resonant frequencies, and redshift with increase in the spacer thickness. As the spacer 
thickness further increases with phase delay inside the spacer approaching 2p, the 
absorption frequencies can be higher than the bare resonant frequencies and redshift with 
increase in the spacer thickness as indicated by the black arrow.  
 The relationship between the absorption peak frequency and the spacer thickness 
can also be derived analytically based on interference theory. Please refer to Appendix B 
for details of the derivation process. The spacer thickness d0 to achieve maximum 
absorption at specific frequencies is give as: 
 
𝑑- = ¦Yc\¦[ÈÉf
ÊËÊ¤Ì»ÍÎÏIÐÑÊ¤ÊË ÒÌÊËÊ¤É Ó90Ë2 + Jq0Ë2    (4.1) 
 
where a and b are the real and imaginary parts of r21, nr and ni are the real and imaginary 
parts of the refractive index of the spacer, and m is an integer starting from zero. Equation 
(4.1) can be plotted in Figure 4.3 for different values of m. The curves give the required 
spacer thickness to achieve the absorption peak at a given frequency. Clearly, the multiple 
absorption bands are closely related to different value of m corresponding to integer times 
of 2p phase delay in the spacer. The contributing resonant mode of the MMs depends on 
the frequency instead of the value of m. Also, with the increase in the frequency, the 
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contributing resonant mode shifts from LC resonance to dipole resonance. The curves also 
indicate the redshift of the absorption peak frequency with increase in the spacer thickness.  
 
 
Figure 4.3: The analytical relation between the absorption peak frequency and the spacer 
thickness with different values of the integer m, also showing the transition of the 
contributing resonant modes of the MM from LC resonant mode to dipole resonant mode 
as the frequency increases with shaded color. 
 
 For dielectric spacer materials ni is usually much smaller than nr. Therefore, 
Equation (4.1) can be further simplified as: 
 
𝑑- ≈ ¦Yc\¦[h4ÌÉn90Ë2 + Jq0Ë2     (4.2) 
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According to Equation (4.2), the spacer thickness is related with the phase of r21 [arctan(-
b/a)] and the phase delay introduced by the spacer. In the case of thin spacer thickness (m 
= 0), the spacer thickness is directly associated with the phase of r21. At the frequencies 
high than the bare resonant frequencies of MM layer, arctan(-b/a) yields negative value 
giving meaningless spacer thickness, thus the absorption peak frequency is always lower 
than the bare resonant frequencies of MM layer with positive arctan(-b/a).  
 With m > 0 multiple absorption peaks appear at the same frequency with different 
value of m due to the increase in the spacer thickness, which is associated with multiple 2p 
phase delay throughout the spacer. Moreover, with m > 0 Equation (4.2) can give 
reasonable spacer thickness even with negative arctan(-b/a). Therefore, the absorption peak 
frequency can be higher than the bare resonant frequency. Also, the absorption peak 
frequency redshifts with increase in the spacer thickness resulted from both the increase in 
arctan(-b/a) and the decrease in k. However, the analysis and modeling does not include 
the coupling between the MM layer and the ground plane. The near field coupling between 
the two metallic layers dramatically increases as the MM layer approaches the ground 
plane, resulting in a saturated absorption peak frequency lower than the value predicted by 
the m = 0 curve (Huang, 2012; Ma, 2016; Tretyakov, 2003). However, it is expected that 
this only occurs for extremely thin spacer layers as the high-order evanescent wave die off 
quickly with increase in spacer thickness.  
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4.4 Experiment and Results 
Experiments were conducted to validate the analysis and modeling in previous sections. 
MMAs were fabricated by utilizing SU8 as the spacer materials with different thicknesses 
(10 µm, 16 µm, 28 µm, 70 µm, 90 µm, and 105 µm). Please refer to the inset of Figure 
4.1(b) for the geometry of unit cells of MM layer. The fabrication started with a single side 
polished silicon wafer. E-beam evaporation was employed to deposit Ti/Au/Ti with 
thickness of 20/200/20 nm as the ground plane on the silicon substrate. The first titanium 
layer served as the adhesion layer between the silicon substrate and the gold layer. The 
second titanium layer was employed to promote the adhesion between the ground plane 
and the SU8 spacer. Afterward, SU8 was spin coated on the ground plane with different 
spacer thicknesses. SU8-3010 (SU8-2035) was employed to fabricate the spacer with 
thickness of 10 µm, 16 µm, and 28 µm (70 µm, 90 µm, and 105 µm). The thicknesses of 
the spacer were achieved through calibrated control of the spin speed. The hard bake 
temperature was set to 95 °C to prevent the delamination of SU8. AZ5214E was applied to 
photolithography the pattern of the MMs on the SU8 spacer, followed by e-beam 
evaporation to deposit Ti/Au with thickness of 20/200 nm. Finally, the sample was soaked 
into acetone to lift-off the photoresist to obtain the final structure. A fabricated sample and 
the microscope image of the unit cells are depicted in Figure 4.4. 
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Figure 4.4: (a) Photo image of a fabricated MMA with SU8 as the spacer material. The 
side length of the sample is 1 cm. (b) Microscope image of the unit cells of the MM layer 
with side length of 70 µm, periodicity of 90 µm. 
 
 The fabricated samples were characterized with THz-TDS. The measured 
absorption spectra for MMAs with different spacer thicknesses were plotted in Figure 4.5 
together with the simulation and theoretical results showing high degree of agreement 
among the results. In Figure 4.5(a) the simulated absorption peak frequencies are slightly 
lower than the calculated absorption peak frequencies, which is due to the neglect of the 
near field coupling between the MM layer and the ground plane in the interference theory 
model. As the spacer thickness increases, the coupling dies off quickly resulting in a much 
better agreement of the absorption peak frequency between the simulation and analytical 
results.   
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Figure 4.5: The absorption spectra comparison among experiment, simulation, and 
interference theory for MMAs with spacer thickness of 10 µm, 16 µm, 28 µm, 70 µm, 90 
µm, and 105 µm from (a) to (f). The associated m values for the absorption peaks are also 
labeled.  
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4.5 Discussion and Conclusion 
The absorption peak frequencies in Figure 4.5 are extracted and plotted in Figure 4.6 with 
m-curves from Equation (4.1). There is excellent agreement among experiment, theory 
and simulation in addition to the consistent results between extracted peak frequencies and 
m-curves.  
 
 
Figure 4.6: m-curves with extracted absorption peak frequencies plotted for MMAs with 
different spacer thickness (10 µm, 16 µm, 28 µm, 70 µm, 90 µm, and 105 µm) from 
experiment, interference theory, and simulation. The vertical green dashed line marks the 
bare LC resonant frequency. 
 
 The simulated absorption spectra of the MMAs are presented in Figure 4.7 showing 
the absorption peak frequency dependence on spacer thickness. The vertical dashed line 
denotes the bare LC resonant frequency. Due to the strong reflection, the absorption is 
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significantly diminished at the bare LC resonant frequency. In the case of thin spacer 
thickness (10 µm, 16 µm, and 28 µm), the absorption peak frequency is lower than the bare 
resonant frequency and, as discussed above, redshifts with increase in the spacer thickness. 
For thick spacer thickness (70 µm, 90 µm, and 105 µm), the absorption peak frequency is 
higher than the bare resonant frequency and approaching it as the spacer thickness 
increasing. 
 
 
Figure 4.7: The simulated absorption spectra showing the absorption band shifting with 
different spacer thickness. 
 
 To illustrate the resonant character of the MMs, Figure 4.8 depicts the SRR current 
at the absorption peak frequencies with spacer thickness of 70 µm. The LC mode 
contributes to the absorption band at the frequencies of 0.4376 THz and 0.9578 THz, while 
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dipole mode contributes to the absorption band at the frequency of 1.586 THz. The resonant 
character is determined by the bare resonant frequency rather by the value of m. When the 
absorption peak frequency is lower than the bare LC resonant frequency, the SRRs resonate 
at LC mode. With the increase in the frequency, the contributing resonant mode for the 
absorption gradually transfers from LC to dipolar, as indicated by the shaded color in 
Figure 4.3. 
 
 
Figure 4.8: The current distribution of the SRRs at the absorption peak frequencies of (a) 
0.4376 THz, (b) 0.9578 THz, and (c) 1.586 THz for the MMAs configured with spacer 
thickness of 70 µm. The red arrows indicate the current direction. 
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 The effect of the spacer permittivity on the peak absorption frequencies were also 
investigated based on Equation (4.1). The m-curves were calculated for different 
combinations of the spacer material permittivity. Figure 4.9(a) depicts the m-curves by 
modifying the real part of the permittivity of the spacer material with constant imaginary 
part. With the increase in the real part, the absorption peak frequencies of both LC and 
dipole modes redshift, which can be understood by the increase in the equivalent 
capacitance with larger real part of the spacer permittivity. Figure 4.9(b) plots the m-curves 
by changing the imaginary part of the spacer material with constant real part within a 
relatively small frequency scale. Compared with the frequency shift caused by the real part, 
the frequency shift caused by the imaginary part is miniscule, which is further supported 
by the high degree of overlap among the m-curves shown by the inset in a large frequency 
range. Therefore, the absorption peak frequencies are highly related to the real part of the 
spacer materials, and frequency shift caused by varying the imaginary permittivity can be 
neglected. Nevertheless, a change of imaginary permittivity may significantly modify the 
absorption magnitude (G Duan et al., 2018).  
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Figure 4.9: The m-curves with m = 0. (a) Modifying the real permittivity of spacer material 
with constant imaginary part (ei=0.182). (b) Modifying the imaginary permittivity of spacer 
material with constant real part (er=2.8). The inset of (b) shows the m-curves in a larger 
frequency range.  
 
 In summary, in this chapter the relationship between the absorption peak 
frequencies of the MMAs with the resonant frequencies of the MMs and the spacer 
thickness is mathematically derived. It is proved that the absorption peak frequencies are 
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closely related to the resonant frequencies of the MMs with a frequency shift determined 
by the phase delay in the spacer material. Moreover, we utilized SU8 as the spacer material, 
fabricated MMAs with different spacer thicknesses, and characterized them with THz-
TDS. The measurement results exhibited high agreement with the analytical and simulation 
results. Also, we employed our findings to analyze the contribution of the spacer 
permittivity change to the absorption peak frequency shift and revealed that the real part of 
the permittivity predominates the frequency shift, rather than the imaginary part. The 
conclusions derived above can be utilized to understand the reported results of sensors 
based on MMA configurations and be employed to guide the design and optimization 
process. 
		
65 
CHAPTER 5 PERFECT ABSORPTION OF METAMATERIAL ABSORBERS 
5.1 Introduction 
MPAs are able to realize perfect absorption by trapping the incident electromagnetic wave 
and dissipating it entirely as heat. Although various theories and models are developed to 
gain insights into the underlying physics (see chapter 2 for more details), they cannot be 
readily employed to guide the design and optimization of MPAs due to the weak 
connection between the theory and the design parameters. And numerical simulation is still 
the main tool throughout the entire design and optimization process although useful 
without revealing deeper understandings. Therefore, it is important to develop alternative 
numerical and analytical strategies that provides transparently connection between the 
electromagnetic and dielectric properties of the constituent materials to better understand 
how experimentally accessible parameters ultimately determine the absorption.  
 In this chapter, a detailed analysis of the conditions which result in unity absorption 
in MMs are conducted. At first, the relative phase shift of the total reflection was employed 
to determine the thickness of the dielectric spacer for unity absorption and the 
corresponding frequency. With additional analysis using interference theory, the spacer 
thickness required to achieve unity absorption and the corresponding frequency are 
analytically connected to the resonant frequency of bare MMs and the material loss 
(including dielectric and metallic loss) within the absorber structure. The increase in 
material loss necessitates a thicker dielectric spacer thickness to achieve unity absorption 
resulting in a redshift of the corresponding frequency. The analytical results are also 
supported by designed experiments. The analysis in this chapter offers new insights 
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towards a more complete understanding of MPAs and can be generally applied to guide 
the design and optimization of arbitrary absorber geometries. 
 
5.2 Phase Shift and Perfect Absorption 
A THz MMA consisting of an array of SRRs, a dielectric spacer, and a ground plane was 
employed for the analysis throughout this chapter without loss of generality. The geometry 
of unit cell SRRs is shown in the inset in Figure 5.1(a). The periodicity of the array is 45 
µm and the permittivity of the spacer material is taken as 2.81×(1+0.03i) for cured 
polyimide (PI-5878G). The reflection and transmission coefficient of bare MMs without 
ground plane, as plotted in Figure 5.1, was simulated in CST Microwave Studio using 
frequency domain solver with periodicity boundary conditions. Based on the simulated 
reflection and transmission spectra, the absorption can be calculated by employing 
interference theory (see chapter 2 for details). By optimizing the spacer thickness to 5 µm, 
one can achieve unity absorption, as the absorption spectrum plotted in Figure 5.1, with 
the MMs and polyimide spacer presented above. The design process will be explained in 
details in the following sections.  
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Figure 5.1: The retrieved reflection and transmission coefficient from simulation. (a) 
Amplitude spectra and (b) phase spectra. The inset in (a) shows the structure and geometry 
of the SRR unit cell and the periodicity is 45 µm for the array. The absorption spectrum 
with spacer thickness of 5 µm is also plotted in (a). 
 
 According to Equation (2.46), the overall reflection is directly related to the spacer 
thickness which governs the amplitude and phase of the secondary reflection. The perfect 
absorption occurs at a critical spacer thickness, when the first and secondary reflection are 
of the same amplitude but anti-phase achieving complete destructive interference. In this 
chapter, only the “MM regime” is considered, corresponding to the thinnest spacer layer 
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resulting in perfect absorption (Guangwu Duan et al., 2018).  
 
 
Figure 5.2: The (a) phase and (b) amplitude spectra of first (dashed line) and secondary 
(solid lines) reflection with different spacer thicknesses. The absorption peak frequencies 
are marked with circles. The critical spacer thickness is 5 µm for unity absorption. 
 
 Figure 5.2(a) and (b) depict the phase and amplitude of the first reflection and 
secondary reflection for different spacer thickness along with labeled absorption peak 
frequencies. From the phase spectra, it is clearly that the phase difference between the first 
and secondary reflection at the absorption peak frequency (marked with circles) is 
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approximately p. At the critical spacer thickness of 5 µm the phase difference is almost 
exactly p as required for perfect absorption. From the amplitude spectra, as the spacer 
thickness increases, the amplitude of the secondary reflection increases and gradually 
becomes larger than the amplitude of the first reflection. At the critical spacer thickness, 
the amplitudes are equal and the phase difference is p as indicated in the phase spectra, 
perfect absorption results.  
 Of particular importance is the dramatic evolution of the overall phase shift spectra 
for spacer thicknesses close to the critical thickness. As shown in Figure 5.3(a) at and 
beyond the critical spacer thickness, the phase can cover a full 2p. This makes it is possible 
to pinpoint the perfect absorption point based on the phase shift diagram of the total 
reflection. Figure 5.3(b) plots the phase shift spectra as a function of spacer thickness. 
When the spacer thickness is thinner than the critical value, the phase coverage of the total 
reflection is within p. However, when it is thicker than the critical value, the phase of the 
overall reflection can extend beyond zero and cover the entire 2p range due to the 
increasing effect of the secondary reflection. The critical point can be visually identified 
on Figure 5.3(b) as 5 µm for the spacer thickness and as 1.28 THz for the frequency 
(marked with dashed lines) in this example. Importantly, although the results of the analysis 
carried out above apply to the specific MM structure, the phase shift diagram can, in 
principle, be employed to pinpoint the spacer thickness and the corresponding frequency 
for perfect absorption for any other MM structures using their unique reflection and 
transmission coefficients.  
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Figure 5.3: (a) Phase spectra of the total reflection for different spacer thicknesses with 
the inset showing the corresponding absorption spectra with 5 µm as the critical spacer 
thickness. (b) Color plot of the phase shift of the total reflection as a function of frequency 
and spacer thickness. The white dashed lines mark the critical spacer thickness (5 µm) and 
the corresponding frequency (1.28 THz) for the perfect absorption. 
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5.3 Transmission Line Model for Metamaterials 
Instead of numerical method, transmission line theory can be employed to model the SRRs 
and calculate the reflection and transmission coefficients analytically. As illustrated in 
Figure 5.4, SRRs can be modeled as LC and dipole resonant modes connected in parallel 
(Azad et al., 2008) with impedance of each mode expressed as series RLC resonators given 
as (Costa, 2012): 
 𝑍Õ,«ZÅdÖÃ = 𝑅Õ,«ZÅdÖÃ + 9Q¤5×,Ø¤ÎÙÚ»(QËXK)I + j𝜔𝐿Õ,«ZÅdÖÃ + 9/5×,Ø¤ÎÙÚ»(QËXK) (5.1) 
 
 
Figure 5.4: Transmission line circuit model for SRRs. Z0 and Zd are the impedance values 
of free space and the spacer material. M is the coupling between the two resonant modes.  
 
where er and ei are the real and imaginary part of the spacer permittivity. ZLC and Zdipole are 
the impedance of the LC and dipole modes, and RLC,dipole, LLC,diple, and CLC,dipole are the 
fitted resistance, inductance, and capacitance value for the free standing SRRs (applied to 
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only the metallic structure without spacer material). On the right-hand side of the equation, 
the first term represents the metallic loss contributed by the joule heating in the SRRs. The 
second term represents the dielectric loss of the spacer layer, while the third and fourth 
terms are the reactance from the equivalent inductance and capacitance of the SRRs. Please 
refer to Appendix C for details of the fitting. Due to the weak coupling of the two resonant 
modes, the coupling coefficient (M) was neglected and, therefore, the impedance of the 
MMs can be calculated as: 
 𝑍 = ×∙Ø¤ÎÙÚ»×XØ¤ÎÙÚ»    (5.2) 
 
The impedance values of free space (Z0) and the spacer material (Zd) were set as the 
impedance values of the input port and output port, respectively, and can be connected by: 
 𝑍« = 𝑘𝑍-     (5.3) 
 
where km equals to U1 (𝜀Y − i𝜀Z)⁄  (Burdette et al., 1980). The ABCD parameters can be 
calculated by assuming the transmission line is shunt connected by the impedance of the 
MMs, and subsequently converted to S parameters (Frickey, 1994). Considering that the 
reference direction is negative, the reflection and transmission parameters are the conjugate 
of the S parameters as: 
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Ü𝑟K9ÝÝÝÝ 𝑡9KÝÝÝÝ𝑡K9ÝÝÝÝ 𝑟9KÝÝÝÝÞ = Ü𝑆KK 𝑆K9𝑆9K 𝑆99Þ =
K(2àXK)àX2àL á(𝑘 − 1)𝑍 − 𝑘𝑍- 2U𝑘𝑍2U𝑘𝑍 (1 − 𝑘)𝑍 − 𝑘𝑍-â  (5.4) 
 
 
Figure 5.5: Absorption spectra calculated with reflection and transmission parameters 
retrieved from (a) transmission line model and (b) simulation.  
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 The reflection and transmission coefficients obtained from Equation (5.4) can 
subsequently be substituted into Equation (2.46) to calculate the overall reflection and the 
absorption. The absorption spectra calculated by using parameters retrieved from 
transmission line model and full wave electromagnetic simulations as a function of spacer 
thickness are platted in Figure 5.5. The marked similarity between the theoretical and 
numerical results validates the transmission line modeling. As the spacer thickness 
becomes thicker, the absorption peak amplitude gradually increases, achieves unity 
absorption, then decreases.  
 
5.4 Condition for Perfect Absorption 
The combination of transmission line model and the interference theory allows for the 
determination of analytical expressions of the critical spacer thickness (dp) and the 
corresponding frequency (fp) for perfect absorption as: 
 
𝑑Å = 2ã∙(2àXK)∙äåqæ× _¯L − ¯ILI    (5.5) 𝑓Å = 𝑓Õ − U¯L4¯Iåq×      (5.6) 
 
where kc is a correction coefficient (1.4) for our case, c is the speed of light, a is the real 
part of Zm composed of the metallic loss of the MM structure and the dielectric loss of the 
spacer material corresponding to the first and second term on the right side of Equation 
(5.1), and fLC is the LC resonant frequency of the MMs on polyimide without ground plane:  
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𝑓Õ = K9q _ 9××(QËXK)    (5.7) 
 
Please refer to Appendix D for the derivation of Equation (5.5) to (5.7). 
 One can obtain the critical spacer thickness and corresponding frequency for unity 
absorption by employing the phase shift of overall reflection (e.g. phase shift as in Figure 
5.3(b)). The employed reflection and transmission can be retrieved either numerically from 
simulation or analytically from Equation (5.1) to (5.4). The critical spacer thickness and 
corresponding frequency can also be calculated using Equation (5.5) to (5.7). Figure 5.6 
illustrates the comparison of the results from phase shift approach (solid lines) and 
analytical approach (dashed lines) for spacer materials with different permittivity. In 
Figure 5.6(a), the imaginary permittivity (ei) was kept constant with the value of 0.0843, 
while the real permittivity (er) increases from 2 to 6. With the increase in er, the resonant 
frequency of the MMs decreases due to the increased equivalent capacitance (the fourth 
term on the right side of Equation (5.1)) and, thus, according to Equation (5.6), the 
absorption peak frequency undergoes a redshift. However, the critical spacer thickness 
remains nearly constant since the resonant frequency of SRRs (fLC) and the loss of the 
system (a) decrease at the same time, essentially canceling one another as indicated in 
Equation (5.5).  
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Figure 5.6: Perfect absorption frequencies and critical spacer thicknesses for MPAs with 
different spacer permittivity. The solid lines plot the results based on phase shift approach 
with reflection and transmission parameters obtained numerically from simulation (blue 
solid lines) or analytically from Equation (5.1) to (5.4) (red solid lines). The dashed lines 
plot the results based on calculated results with Equation (5.5) to (5.7). (a) Varying er 
while keeping ei = 0.0843. (b) Varying ei while keeping er 2.81.  
 
 In Figure 5.6(b), the real permittivity is held constant with value of 2.81, while ei 
increases from 0.1 to 0.5. Due to the increase in the loss introduced by the larger ei, the 
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spacer thickness for perfect absorption increases (according to Equation (5.5)), and the 
frequency undergoes a redshift (according to Equation (5.6)). The discrepancy is due to 
the low loss assumption in the derivation of Equation (5.5) to (5.7), therefore, increasing 
with larger ei.  
 With the retrieved spacer thickness, one can optimize the design to realize prefect 
absorption. The absorption spectra for the absorbers with optimal spacer thicknesses 
(retrieved from phase shift diagram) in Figure 5.6 are plotted in Figure 5.7. (a) and (b) is 
the absorption spectra from interference theory, while (c) and (d) from simulation. It can 
be clearly seen that with the corresponding spacer thickness, the absorbers can achieve 
perfect absorption. However, by comparing the absorption peak frequencies between (a) 
and (c), there is a slight misalignment, due to the neglect of the near field coupling between 
the MMs and the ground plane in interference theory, thusly, resulting in higher absorption 
peak frequencies. Also, this phenomenon can be observed in (b) and (d) with smaller loss 
and thin critical spacer thicknesses. But as the critical spacer thickness increases with 
higher loss, the near field coupling decays significantly. Therefore, the absorption spectra 
for the absorbers with permittivity of 2.81+0.5i exhibits a high degree of agreement 
between the theoretical and simulation results.  
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Figure 5.7: The absorption spectra with critical spacer thicknesses. (a) and (b) are 
theoretical results from interference theory. (c) and (d) are simulation results. In (a) and (c) 
the imaginary part of the spacer permittivity is identical (0.0843). In (b) and (d) the real 
part of the spacer permittivity is identical (2.81). 
 
5.5 Experiment and Results 
MMAs with unit cell structure and geometries depicted in the inset of Figure 5.1(a) were 
fabricated with different spacer thicknesses with polyimide (PI-5878G) as the spacer 
material. The thicknesses of the spacer were measured as 3.8 µm, 5.3 µm, and 6.0 µm using 
surface profilometry. Subsequently, the samples were characterized with THz-TDS.  
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Figure 5.8: Experiment (solid lines) and simulation (dashed lines) results of (a) absorption 
and (b) phase of overall reflection for MMAs with different spacer thicknesses of 3.8 mm, 
5.3 mm, and 6.0 mm. The insets in (a) and (b) are the photo image of fabricated MPA and 
the microscopy image of unit cell structure. 
 
 The measured absorption and phase spectra are depicted in Figure 5.8 with 
simulation spectra as comparison. The insets in (a) and (b) show the image of a fabricated 
sample and the unit cell structure. The evolution of the phase spectra is clearly revealed. 
The phase shift is within 2p range as the spacer thickness is thinner than the critical value. 
With critical spacer thickness of 5.3 µm the MPA demonstrated a near-unity absorption 
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with an abrupt phase shift of 2p in the vicinity of the perfect absorption frequency. And the 
phase shift is able to cover 2p range with a thicker spacer than the critical value. The 
experiment results validate the analysis on the relationship between the critical spacer 
thickness and the phase shift illustrated in Figure 5.3. 
 
 
Figure 5.9: Schematic of sample treatment setup for water absorption 
 
 The same samples were employed to investigate the effects of increased loss due to 
an increase in ei of the dielectric spacer layer. This was accomplished by exposing the 
samples to 85% relative humidity for 48 hours at 40°C for water absorption which increases 
the loss of the polyimide spacer (Fukunaga et al., 2007). The relative humidity environment 
was created by employing binary saturated aqueous solutions (Greenspan, 1977). Figure 
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5.9 depicts the schematic of the treatment setup. Relative humidity can reach equilibration 
with an aqueous solution depending on solute, temperature and solvent concentration. 
Potassium chloride solution was utilized as the solute, and excess amount was mixed with 
water for a saturated solution to maintain a stable solvent concentration. The samples, 
saturated solution, and excess salt were all put inside an incubation chamber as shown in 
Figure 5.10, which was placed inside an oven for temperature control. 
 
 
Figure 5.10: Incubation chamber to create the relative humidity environment for sample 
treatment. 
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Figure 5.11: Experiment (solid lines) and simulation (dashed lines) results of the (a) 
absorption spectra and (b) overall reflection phase shift spectra for treated MMAs with 
different spacer thicknesses. 
 
 THz-TDS was used to characterize the samples right after the sample treatment. 
The dielectric response of the polyimide changed from 2.81 + i0.084 to 2.9 + i0.1305 – 
that is, the permittivity increases as does the loss with increasing humidity. The measured 
(simulated) absorption spectra and overall reflection phase shift spectra are plotted in 
Figure 5.11 with solid lines (dashed lines). By comparing with the results in Figure 5.11(a) 
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and Figure 5.8(a), it is clear that the increase in the real part of the permittivity of the 
spacer material (from 2.81 to 2.90) causes the redshift of the absorption peaks. More 
importantly, comparing Figure 5.11(b) and Figure 5.8(b) reveals that as the loss in the 
spacer material increases (from 0.0843 to 0.1305), the critical spacer thickness increases 
from 5.3 µm to 6.0 µm. This is evident because the phase shift spectra for MMA with 5.3-
µm-thick spacer no longer exhibits a full 2p phase shift following water absorption by the 
polyimide indicating that this is below the critical spacer thickness required for near-unity 
absorption.  
 
5.6 Discussion and Conclusions 
The theoretical and experimental results presented in this chapter demonstrated that the 
perfect absorption frequency of MMAs is closely related to the bare resonant frequency of 
the SRR array determined by the metallic structure of the SRRs (LLC,dipole and CLC,dipole) and 
the real permittivity of the spacer material (𝜀Y). The frequency shifts are governed by the 
material loss stemming from both the metallic loss of the MM structure (RLC,dipole) and the 
dielectric loss of the spacer material (𝜀Z). More specifically, an increase in 𝜀Y redshifts the 
absorption peak frequency, and with higher material loss, a larger spacer thickness is 
needed for perfect absorption. The frequency and the spacer thickness can be accurately 
identified on the phase shift on the overall reflection as shown in Figure 5.3 or 
approximately calculated with Equation (5.5) to (5.7).  
 In conclusion, this chapter demonstrates that the perfect absorption frequency and 
spacer thickness can be visually pinpointed on plot of the phase shift of the overall 
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reflection. Additionally, using transmission line theory to model the MM layer, one can 
obtain analytical formulas for the perfect absorption frequency and spacer thickness that 
reveal the functional dependence on material losses. The findings offer a powerful tool for 
the design and optimization of MMAs with a MM – dielectric spacer – metal configuration.  
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CHAPTER 6 CONCLUSIONS AND OUTLOOK 
MMAs, as one of the most flourishing research branches of MMs, can achieve unity 
absorption of the incident electromagnetic wave at desired frequencies. This unique 
property inspired tremendous efforts to explore the potential applications. In the meantime, 
several theories were developed to understand the unity absorption and guide the design 
and optimization of MMAs. This dissertation first reviewed the most prevalent theories 
and found that all the reviewed theories are connected in requiring equivalent impedance 
of the MMA matched to the impedance of free-space to achieve perfect absorption.  
 This dissertation also introduced an MMA with air, instead of dielectric material, 
as the spacer material to realize perfect absorption. Without the loss in the spacer, the 
design featured a quality factor three times higher than the designs with a typical dielectric 
spacer. The air-spacer also allowed a full access to the spacer volume to build a high 
sensitivity detector, which further inspired a microfluidic channel integrated design 
achieving more than three times sensitivity comparing with reported results. The 
mechanical strength of the microfluidic MMA can be further improved by decreasing the 
size of the testing window, which will require a decrease in both the height of the test 
window and the diameter of the THz beam.  
 Based on interference theories, this dissertation unveiled connections between the 
design parameters (such as resonant frequency of the MM layer, the spacer thickness, and 
the spacer permittivity) and the absorption peak frequencies. The results show that 
absorption peak frequencies red shift with increase in the spacer thickness. Also, the 
accumulation of the phase delay in the spacer material can cause multiple absorption bands. 
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The results also support the fact that the absorption peak frequencies are related to the real 
part of the spacer material permittivity instead of the imaginary part. The conclusions can 
be readily employed to analyze current results or guide further designs.  
 This dissertation also showed that the spacer thickness for perfect absorption is 
related to the loss of the MMA. Specifically, with increase in the loss, the critical spacer 
thickness increases and, correspondingly, the unity absorption frequencies red shift. The 
derived results also indicated that the perfect absorption frequencies are always lower than 
the related resonant frequencies of the MM layer. The conclusions can be generally applied 
to understand the perfect absorption and guide the design to realize the perfect absorption 
at desired frequency range.  
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APPENDIX 
A. Terahertz Time Domain Spectroscopy 
Figure A.1 illustrates the schematic of the THz-TDS test setup. A titanium sapphire laser 
was employed to generate 800 nm, 25 fs ultra-short pulses at repetition rate of 80 MHz. 
The generated pulses were focused onto a GaAs substrate with a biased strip line antenna. 
The 800 nm pulses excite carriers into the GaAs conduction band and the bias voltage 
accelerates them between the antenna electrodes to produce far field THz radiation. 
Afterward, the generated THz radiation is partially transmitted and reflected from the 
sample and focused onto a photoconductive transmission and reflection detector 
respectively. 
 
 
Figure A.1: The schematic of THz-TDS test setup. 
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 For detection, 800 nm pulses with a variable time delay are focused onto GaAs 
wafer to liberate conduction carriers, and the transmitted or reflected THz radiation 
accelerates those carriers between the electrodes of antenna to generate photo current. The 
photo current is a direct measure of the instantaneous electric field of the THz radiation. 
The time domain signal can then be Fourier transformed and normalized to a reference 
pulse to obtain the frequency domain transmission and reflection spectra. 
 
 	  
		
89 
B. Derivation of the Relationship Between Absorption Peak Frequency and 
Spacer Thickness 
In the derivation below, a and b are the real and imaginary parts of r21, b is the on-way 
phase delay in the spacer layer with b = br + ibi, d is the spacer thickness, and m is an 
integer. The total reflection can be express with Equation (2.46). According to law of 
cosine, the amplitude of the total reflection can be written as: 
 |𝑟|9 = 𝐴9 + 2 cos𝜃 ∙ 𝐴 ∙ 𝐵 + 𝐵9   (B.1) 
 
where r is the overall reflection, q  is the angle between the first and secondary reflection, 
and A and B are the amplitude of the first and secondary reflection, which can be written 
as: 
 𝐴 = U𝑟K9𝑟K9ÝÝÝÝ     (B.2) 
𝐵 = _ 6gI6Ig6gIÝÝÝÝÝ6IgÝÝÝÝÝ[3IgXÃÄÅ(9Æ¤4Z9ÆË)][3IgÝÝÝÝÝXÃÄÅ(9Æ¤XZ9ÆË)]   (B.3) 
 
where the bar denoting taking the complex conjugate. At the perfect absorption condition, 
the first and secondary reflections can totally cancel each other. The angel between the first 
and secondary reflection is out of phase (180 degree). Therefore, in the vicinity of the 
perfect absorption, it can be simplified as: 
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|𝑟|9 ≈ 𝐴9 − 2𝐴 ∙ 𝐵 + 𝐵9    (B.4) 
The spacer thickness for the absorption peak at specific frequency can be calculated by 
setting the differentiation of Equation (B.4) to zero as: 
 (𝐵 − 𝐴) «é«o = 0    (B.5) 
 
in which d is the spacer thickness. Around the perfect absorption condition, the equation is 
valid when dB/dd = 0 (B is only equal to A at the perfect absorption point), which can be 
expanded as: 
 
K9 _[3IgXÃÄÅ(9Æ¤4Z9ÆË)][3IgÝÝÝÝÝXÃÄÅ(9Æ¤XZ9ÆË)]6gI6Ig6gIÝÝÝÝÝ6IgÝÝÝÝÝ «{[3IgXÃÄÅ(9Æ¤4Z9ÆË)][3IgÝÝÝÝÝXÃÄÅ(9Æ¤XZ9ÆË)]}«o = 0 (B.6) 
 
which gives: 
 
«{[3IgXÃÄÅ(9Æ¤4Z9ÆË)][3IgÝÝÝÝÝXÃÄÅ(9Æ¤XZ9ÆË)]}«o = 0   (B.7) 
 
Equation (B.7) can be further expanded, and both sides may be divided by 4ni k exp(2bi): 
 𝑎 cos(2𝛽Y) − 𝑏 sin(2𝛽Y) − 0Ë0¤ [𝑎 sin(2𝛽Y) + 𝑏 cos(2𝛽Y)] + exp(2𝛽Z) = 0 (B.8) 
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where nr and ni is the real and imaginary part of the refractive index of SU8, k is the wave 
number. Both side may be divided by cos(2br): 
 𝑎 − 𝑏 tan(2𝛽Y) − 0Ë0¤ [𝑎 tan(2𝛽Y) + 𝑏] + ÃÄÅ(9Æ¤)cde(9ÆË) = 0 (B.9) 
 
Rewriting the equation: 
 𝑎 − 0Ë0¤ 𝑏 + ÃÄÅ(9Æ¤)cde(9ÆË) = h𝑏 + 0Ë0¤ 𝑎n tan(2𝛽Y)   (B.10) 
 
On the left side of the equation, applying the assumption that br equals to mp: 
 𝑎 − 0Ë0¤ 𝑏 + exp	(9qJ0¤0Ë ) = h𝑏 + 0Ë0¤ 𝑎n tan(2𝛽Y)  (B.11) 
 
Considering br is near to mp: 
 
2𝛽Y = arctan ð¯4ÊËÊ¤ñXÃÄÅhIÐÑÊ¤ÊË nñXÊËÊ¤¯ ò + 2𝑚𝜋   (B.12) 
 
Since br = nr k d, the spacer thickness can be expressed as: 
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𝑑- = ¦Yc\¦[ÈÉf
ÊËÊ¤Ì»ÍÎÏIÐÑÊ¤ÊË ÒÌÊËÊ¤É Ó90Ë2 + Jq0Ë2   (B.13) 
 
The expression was derived in the vicinity of perfect absorption and may give larger error 
at frequencies far from the perfect absorption frequency. Nevertheless, the derived result 
can reasonably describe the frequency shift with the change of the spacer thickness. The 
results only include the case in which the first and secondary reflections cancel out instead 
of adding up. This is because only the situation where the phase delay gives 2mp (cancel 
out) as opposed to (2m+1)p (add up) was considered. To support this fact, the absorption 
and phase of the absorber at three frequency points with different spacer thickness was 
plotted in Figure B.1, which clearly shows that at the spacer thickness with peak absorption 
the phase difference between the first and secondary reflection is approximately p. 
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Figure B.1: (a) The absorption amplitude of MMAs as a function of spacer thickness at 
the frequencies of 0.632 THz, 0.678 THz, and 0.728 THz with labeled spacer thicknesses 
for absorption peaks. (b) The phase of first and secondary reflection as a function of spacer 
thickness with labeled phase difference. 
 
 	  
		
94 
C. Impedance Fitting for Metamaterial Layer 
Simulation was employed to retrieve the complex reflection and transmission parameters 
for both the free-standing SRRs and SRRs on polyimide. The CST model is shown in 
Figure C.1. Periodic boundary condition was applied to both x and y direction. Port 1 was 
set 50 µm away from the metallic structure, and port 2 was set right below the 50-µm-thick 
substrate. The permittivity of the substrate was set as 1 and 2.81´(1+0.03i) for free-
standing MMs and MMs on polyimide.  
 
 
Figure C.1: CST model to retrieve the reflection and transmission parameters 
 
Port 1
Port 2
50 μm
50 μm
MMs
Substrate
x
y
z
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 By substituting the permittivity of vacuum into Equation (5.1), the impedance of 
the LC and dipole resonant modes for free-standing MMs without substrate can be written 
as:  
 𝑍Õ,«ZÅdÖÃ = 𝑅Õ,«ZÅdÖÃ + 𝑗	𝜔	𝐿Õ,«ZÅdÖÃ + K	5	×,Ø¤ÎÙÚ»	  (C.1) 
 
Following Equation (5.2) to Equation (5.4), one can obtain the analytical reflection and 
transmission parameters for free-standing MMs. The analytical results were fitted to the 
simulation results using the parameters listed in Table C.1. Figure C.2 (a) and (b) show 
the reflection and transmission parameters from the analytical and simulation results 
indicating excellent agreement.  
 
Table C.1: Parameters substituted into Equation (C.1) for analytical fitting 
Resonant Mode R (W) L (H) C (F) 
LC 4.0 2.2´10-11 2.84´10-16 
Dipole 1.0 4.2´10-12 1.56´10-16 
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Figure C.2: (a) Amplitude and (b) phase spectra of the transmission and reflection 
parameters from fitting results and simulation results for free standing MMs. 
 
 By keeping the values of R, L, and C and modifying the permittivity in Equation 
(5.1), one can calculate the analytical reflection and transmission parameters for MMs on 
various spacer materials. As an example, by substituting the parameters in Table C.1 and 
the permittivity of polyimide 2.81´(1+0.03i) into Equation (5.1), the analytical reflection 
and transmission parameters for MMs on polyimide can be calculated and plotted in Figure 
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C.3 showing good agreement with the simulation results. Following this methodology, the 
analytical reflection and transmission parameters for absorbers with various spacer 
permittivity can be calculated and employed to plot the phase shift to identify the perfect 
absorption points as summarized in Figure 5.3(b). 
 
 
Figure C.3: (a) Amplitude and (b) phase spectra of the reflection and transmission 
parameters from fitting results and simulation results for MMs on polyimide. 	  
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D. Derivation of the Conditions for Perfect Absorption 
At the perfect absorption point, the overall reflection is zero. By setting Equation (2.46) 
to zero and considering the small imaginary part of the permittivity of the spacer material, 
Equation (2.46) can be rewritten as: 
 𝑟K9 − 6gI6Ig3IgXHfôIõ ≈ 𝑟K9ÝÝÝÝ − 6gIÝÝÝÝÝ6IgÝÝÝÝÝ3IgÝÝÝÝÝXHôIõ = 0    (D.1) 
 
Substituting Equation (5.4) into Equation (D.1) and simplifying yields: 
 𝑒F9Æ = (2àXK)à42àL(2à4K)à42àL    (D.2) 
 
Considering the low loss and thin thickness of the spacer material, the amplitude of left 
side of the equation can be approximated as 1, and the imaginary part of km can be 
neglected. Taking Zm = a + bj, Equation (D.2) can be rewritten as: 
 
(2àXK)(¯Xñ/)42àL(2à4K)(¯Xñ/)42àL = (2àXK)¯42àLX(2àXK)ñ/(2à4K)¯42àLX(2à4K)ñ/ ≈ 1  (D.3) 
 
Subsequently can be expanded as: 
 [(𝑘 + 1)𝑎 − 𝑘𝑍-]9 + (𝑘 + 1)9𝑏9 = [(𝑘 − 1)𝑎 − 𝑘𝑍-]9 + (𝑘 − 1)9𝑏9 (D.4) 
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which can be further simplified as: 
 𝑎9 − 𝑎𝑍- + 𝑏9 = 0     (D.5) 
 
a consists of metallic loss of the MM structure (first term on the right side of Equation 
(5.1)) and the dielectric loss of the spacer material (second term on the right side of 
Equation (5.1)), and b is the reactance of the MMs. As the perfect absorption frequency is 
close to LC resonant frequency of the MMs and the coupling between the LC and dipole 
mode is weak, b is primarily determined by the LC resonant mode, and can be expressed 
as: 
 
𝑏 = 𝜔𝐿Õk1 − 𝜔æ9 𝜔9⁄ l = ×k545ölk5X5öl5 ≈ 2𝐿Õk𝜔 − 𝜔æl = 4𝜋𝐿Õ(𝑓 − 𝑓Õ) 
 (D.6) 
 
where fLC is the resonant frequency of the LC mode with the value of: 
 
𝑓Õ = K9q _ 9××(QËXK)    (D.7) 
 
Combining Equation (D.6) and (D.7) and considering that the perfect absorption 
frequency is lower than the resonant frequency of the MMs from Figure 5.5 (further 
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supported by Equation (D.10)), the perfect absorption frequency (fp) can finally be 
expressed as: 
 
𝑓Å = 𝑓Õ − U¯L4¯Iåq×      (D.8) 
 
It can be seen that the perfect absorption frequency is closely related to the resonant 
frequency of the MMs (decided by the metallic structure of the MMs and the real part of 
the permittivity of the spacer material) with a frequency shift (governed by the material 
loss). 
 
 Because Za >> Zm is valid near the resonant frequency of the MMs, Equation (D.2) 
can also be simplified as: 
 𝑒F9Æ = 1 − (2àXK)¯2àL − 𝑖 (2àXK)ñ2àL     (D.9) 
 
In order to match the phase, the critical spacer thickness (dp) can be approximated as: 
 
𝛽 = 0	oÎ	9q	æ×ä ≈ − (2àXK)ñ92àL = (2àXK)92à _¯L − ¯ILI  (D.10) 
 
To guarantee the distance is positive, b must be negative and, thus, the perfect absorption 
frequency is always lower than the resonant frequency of bare MMs, according to 
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Equation (D.8). Due to the low loss of the spacer material, 𝑛 ≈ √𝜀3 and 𝑘 ≈ U1 𝜀3⁄ , 
then Equation (D.10) can be rewritten as: 
 
𝑑Å ≈ (2àXK)∙äåqæ× _¯L − ¯ILI    (D.11) 
 
where c is the speed of light. Finally, a correction coefficient (kc) was introduced to 
compensate the error caused by the low loss approximation in the derivation, and the 
critical spacer thickness can be finalized as: 
 
𝑑Å = 2ã∙(2àXK)∙äåqæ× _¯L − ¯ILI    (D.12) 
 
where kc was set as 1.4 for the specific design in chapter 5. It can be seen that the spacer 
thickness for perfect absorption decreases as the resonant frequency of MMs (fLC) increases 
or the material loss (a) decreases. 
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